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Preface 

This, the 14th Annual Battery Workshop, was attended by 
manufacturers, users, and government representatives interested 
in the latest results of testing, analysis, and development of 
lithium, nickel-cadmium, and nickel-hydrogen batteries. The 
purpose of the Workshop was to share flight and test experience, 
to stimulate discussion on problem areas, and to review latest 
technology improvements. 

The papers presented were derived from transcripts taken 
at the Workshop held at the Goddard Space Flight Center on 
November 17 to 19, 1981. The transcripts were lightly edited 
by the speakers with their vugraphs assembled at the end of 
each presentation for uniformity. 
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INTRODUCTION 

G. Halpert 
Goddard Space Flight Center 

Welcome to Goddard Space Flight Center and the 1981 NASA/GSFC 
Battery Workshop. We are pleased that Goddard management has 
continued to support this activity through the last thirteen 
years. We appreciate the NASA Headquarters support we have had. 

Each year as we review the accomplishments that have been 
made, it is clear that we continue to improve the technology and 
continue to gain further experience and have taken steps to better 
understand and improve the reliability of secondary systems used 
in space. However, the more we advance, the more we realize that 
there is still much to be learned. Furthermore, the interest in 
these systems continues to be high. 

We anticipate that this will be another informative workshop. 
We hope that you will participate by asking questions and by 
offering stimulating comments. 

For your information, we have included a list of the acquisi- 
tion numbers for all workshop proceedings dating back to 1970. 
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NASA or NASA contractors, contact: 
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Information Facility (STIF) 

P.O. Box 8757 
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OVEliVIEW OF NASA PROGRAMS 

The NASA/OAS? Energy Storac_e ?rooram 

J. Ambrus 

NASA Headquarters 

AMbRUS: Good morning. I Em very pleased to 
be here again as part of this eaqerly awaited annual event, 
the battery florkshop, where I meet old friends and make new 
ones every year. 

This event has become more and more important as 
the years went by, not just to me but, judqinq from the 
the size of the audience, to just about everybody else in 
the community. I’m really very pleaseu to be part of it 
and now part of the EiASA team that oroanizes it. 

I am often asked by my colleagues what it is that 
we do here everv vear, how can we qo on year after vear 
havina a battery workshop and talkino about batteries, of 
all thinqs, for three whole days, enc anyway, batteries 
stiJ1 won’t work. And to top it off, we have been hoping 
that bv now some new energy source wculd come alone that 
works much better than batteries. 

hell, to this I usually reply that what we do here 
is talk to each other without having to fiqure out cute 
answers to the other questions, and anywav, batteries work a 
or-eat deal better than thev used to. And no other practical 
eneray storaqe device has come elonq that is as qood as 
batteries to this aay. So there are qoinq to be mnnv vears 
when we are still ooino to be talking to each other. 

This oartictllar proaram, the three-dav prooraa. 
has oot many interestinq aspects. [Jne Very intereStin 

one, and to me a oarticularlv oratif),ino one, is that I 
perceive a subtle chanoe in the apprcach to the technoloqv 
improvement. flhen you look at the list of sneakers and the 
topics, I am findinq that the researcher and the 
apolications technologist who, .&hen 1 first. started orlt in 
this field, sort of suspiciously eyed each other when thev 
passed in the hall, are actually sittinq down in the same 
auditorium toqether. They are also talking to each other, 
ana, Lou forbid, maybe one aay they’re going to learn from 
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each other. So with that I would like to add my little part 
to this. 

lhis conference is always about the latest 
:Ez;;nings in a,pplications technology, and I am here to 

and I’m also trying to tell ycu about what we do at 
NASA Aeadouarters in the iiesearch and Technology Department 
to underpin this kind of activity in research and technology 
improvement. 

(Figure I-1 1 

First of all, what is the mission of tne NASA 
Research and ‘Technology Program? riell, to provide the 
technology base that will adeouately support, enhance ant 
enable current and future activities in the exploitation of 
space. This of course is the mission of the Space 
Research ana Technolocy program. part of which is the Soace 
Power ttesearch and Technology Program which I am part oi 
here. 

(Slide. > 

Now what are these missions that they srlpportl 
This is an artist’s conception of some future mission, 
and, whatever it is. we know that it’s ooing to be oio, it’s 
going to require a lot of power, and it’s also going to be 
shuttle-launches. So these are %he kind of restraints that 
are upon 1~s and with which .we are working to oet the 
technoloay to. 

(Figure l-2) 

In summary, we know that the major technology 
drivers are ooina to be advanced planetary snacecraft, 
advanced spacecraft in geostationary orbit, and large space 
systems in low earth orbit. We are Eddressing all three of 
these in our basic research program. 

Of course at the heart of each one of these is the 
power system. 

So what is it that we’re working for! Uell, high 
capacity, of tours e: we’re going to need more and more 
power. Fiigh energy densityt we’re going to have to package 
it into less and less. Ano of course we’re ooing to be 



looking for long life, both cycle life and storage life. 

(Figure I-3) 

Now Pm sure that you are interested in what it is 
we are looking at on the whole in space power. ile are 
looking at the power sub-system. 

Photovoltaics is still the primary power source in 
soac e today, and we still primarily store thz energy in 
batteries, in seconaary batteries, and sometimes we carry 
energy in chemical form to toe converted 2s a one-time 
application to electrical energy in primary batteries. 

Thermal-to-electric energy conversion is 
particularly important in planetary exploration. Ihe heat 
source iS Usually a radiOiSOtOpe or FOSSibly a reactor, and 
thereby you can have missions where you are independent of 
the sun. 

And of course power system management and 
Uistribution. Ihis is a new one for us. oe have fauna that 
as the large power systems come about, it is not ranuom anv 
more. how we out toaether eioht cell:.. I Tean it’s not 
ooinc to toe eicht cells or Li) cells cny more: it’s aoina to 
be many, many, many cells, and large cells. 

So now it really matters ahead of time to know how 
you’re goina to manece and distrihutc the power. 
iwenty-eiaht volts are Just not coi.nc. to hac!( it nnv more. 
Yle are going to have to go to hioh vcltace systec-1s. iie are 
going to have switches, transistors. IYe are aoing to see 
how we have got to manage the heat aistribution of the 
batteries. So this is an important part of the entire ooltier 
system. 

And then there is what we call “advanced 
eneraeticsl’ which seeks to explore the evolution or new 
concepts. In the back of our minds Fe are still lookino for 
the perfect energy storage system thet is not a battery. 

(Figure l-4) 

Now I’m sure that you're interested in how the 
money is distributed. Here is our Space Power Research and 
Technology Program fund distribution by what we call Specific 
Objectives in '81 and '82. 

3 



You can see photovoltaics is a large part. So is 
chemical energy conversion and storage, power system 
management and distribution. Thermal-to-electric conversion 
is still a little bit, because, after all, it only applies 
right now to one kino of mission, which is the planetary 
mission. 

In advanced energetics we’re looking for new iaeas 
of power conversion. It’s a reasonable part. 

When you look from ‘81 to ‘82 there’s a small 
increase in chemical energy conversion and storage, and a 
decrease in photovoltaics and an increase in oower systems 
manaoement and distribution, which means that this is 
becoming more and more important as time goes by. 

(Figure l-5) 

When we now look at just chemical energv 
conversion and storaae, how are we aistributing the funds DV 
task area? 

Fuel cell/water electrolysis is nearly half of it, 
and there is a little bit that can be identifiea as just 
primary fuel cell work, but really this whole chunk is 
primarily fuel cell work. Maybe it shoula be more. 

Nickel-hydrogen, which is the new energy storaae 
device, is taking up 13 percent. Aeh, aovanceu high energy 
aensity is ,I I percent, and this is the new high enerov 
density secondary batteries. Then f Lnaament al 
investigations, which are really very basic investigations. 
And, of course, we have new high energy aensity primary 
battery work, too. 

by Center, Lewis tiesearch Center is the largest 
center that does electrochemical research and technology; 
JPL and, of course, the Johnson Space Center, which has the 
responsibility for fuel cell/electrolysis. 

(Figure I-6) 

We manage by setting certain aoals, and those of 
you who work at NASA Centers know these as paso taraets. b&i e 
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set certain targets up for the different centers to worK 
toward. 

For instance, you can see that the Lewis Kesearch 
Center now is responsible for the nickel-hydrogen component 
selection by the end of ‘82. And a duel cell/electrolysis 
breadboard will be delivered to Johnson Space Center at the 
ena of ‘62, and so on and so forth. 

!\low let me start describinc to you the oroqram in 
cietail. I’m not going to talk very r&ch, primarily because 
I don’t know all that much about the details, and there are 
many experts in the eudience here who work in these 
programs, and I’m yoing to try to introduce them to you as I 
go through the program. 

(Slide. 1 

9rimarv fuel ceils. We1 1, I figured I would show 
you what 2 shuttle fuel cell looks ljke. This is one of the 
three. ‘This isn’t the one that failcd. And wnat we are 
ooinc; is primarily aone in the Lewis iiesearch Center, and 
this is component technology. 

(Sliue. 1 

4e are working on advancea components. l-or 
instance this particular fuel cell hes got an advanced 
calciu:n-leached asbestos matrix, ano a new polysulfone 
frali,e rihich will reuuce its weight consioerably in future 
iuel cells. 50 this is the kind of thinq that we are aoing 
in cur Pri:nar-y Fuel Cell Program. 

luow the fuel cell is consioered to be a reasonably 
mature technolocy, and we’ve oeen using them successfully in 
just EDout all the mannec space flights by now, and will 
continue to use them. lhe idea has come up that why don’t 
we use fuel cells in conjunction with water electrolysis as 
an energy storage device for large, luture space systems in 
low-eErth orbit. 

(Figure l-7) 

Thus , this program was born. 

Sow I’d like to point out the following things: 
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we are only thinking at this point in time about 
hydrogen-oxygen fuel cells.. There are two kinds that we are 
working on. One is the alkaline fuel cell that is riqht now 
flying in the Shuttle. The other one is the acic or solid 
polymer electrolyte fuel cell which is being hrou9ht along 
at the same time on a development basis. 

both systems have aqreed that the fuel cell and 
the electrolysis cell should be deoicated systems; that is, 
it is not cost-effective or system-effective to make one 
cell that switches back and forth from fuel cell to 
electrolysis. It’s better to have dedicated systems. 

It is an awfully 9ooo conctpt in the way that you 
can integrate it into the spacecraft. kou can integrate it 
into a large space platform. There’s hydrogen and oxygen: 
you can use it in the fuel system, yclu can integrate it into 
the life support system; so it is overall a very qooa iaea. 

It is also very competitive with nickel-nydroqen 
as far as energy density is concernec. As a matter of fact, 
we haci several studies aone anti, aepenoinq on ‘who uoes the 
stuclyr the fuel cell electrolysis ano the nickel-hyoroqen in 
large. 25 to ii)0 kilowatt applications, come out neck ana 
neck. Sometimes one is a little bit a!2eaa and sometimes the 
other one is. 

30 we aeciaea to aevelop bcth and then, let’s see 
what happens. 

The oevklopment work has been goin on mainly on 
the electrolysis site and on the systems side. Ne are usina 
the mature technoloyies, the shuttle technoloov, on the fuel 
cell siae. ivZost of the work, the improvement work has been 
aone on the electrolvsis siue (both e.lkaline and SPE). 

I took these two charts out from two entirely 
ci if erent reports. And they show nearly tile same 
performance. So right now, aoain dependin on who YOU talk 
to. one or the other comes out ahead by about 10 percent. 

Let me tell you that the plans are to have the 
aciu. the 5PE fuel cell that’s beinq developed bv GE up in 
Vii lrnin9ton, the breadboard delivered to JSC by the end of 
this fiscal year, and testin is 9oin9 to start. ?he 
alkaline breaabokrd is supposed to be deliverea at the end 
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of ‘d3. And of course the testino is going to show which 
one is preferable. Chances are that both are qoiny to be 
very good, and that they are both going to have given 
aoplications. 

(Figure I -6.1 

Now the next large area that we’re working on is, 
of course, nickel-hydrogen. Now you have ail seen this 
before. This is state of the art, a 25 ampere-hour 

nickel-hvdroyen cell that has been developed by CUMSAT, ov 
the Air Force, by riughes. v’je are looking for high capacity 
in lob-earth orbit, which means that we have oat to have many, 
many cycles at deep depths of discharge. 

#if2 are working ac>ainst a plan. b’be tlave put 
tooether a five-yl~~r- plan with Lewis desearct-1 Center 
lezaership, enc! we heve involved all of the Centers end the 
Air t-or-cc?. The Le,wis i(t)sea Center has tile leadership but 
it’s i collaborative proor~~m with ~11 tne Center=; and the 
Air Force. 

lie neve so little .money we have cot to use everv 
cent. 

he are tryinc coordination with the user Centers 
ano if you are from a user Center eno you are n.ot being 
coordinated with, oiease squawk. 

The technoloay prooram is 6imla at improvea 
components anil imorove:i ce 11s. 

.i’his is what we ere after. vie are trying to 
couble the energy density of the nickel-cacmium. ‘lhe 
prototype i)ic:h capacity cells are srrFposed to be reaay by 
‘32. Srli let ?-If tell )‘OIJr they are not necessarilv going to 
look like tllis. 

(Sliae. 1 

Tile Lewis ilesearch Center is working on some 
advanced uesigns, bipolar designs, that may look something 
like this. Zone of you may be familiar with this idea 
alre&,dy. 

In qeostationary orbit we Ere going to neea 
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very high energy densities. I’his is what is right now 
in geostationary orbit, and this is hhat we are looking 
for. This is not necessarily going to be lithium but it’s 
going to be some advanced system that has got very high 
energy density. 

(Figure I-Y) 

i3ur high energy density program consists of two 
parts, the ambient temperature lithium systems which is 
being performed at JPL, anu the SOoium anoae/molten 
salt/beta alumina systems which is performed by the Lewis 
rtesearch Center at EIC. 

lhe ambient temperature lithium system. Ihe 
em,bhasis right now is on ttle material performance ana 
oeqraoat ion mechanisms. Vie/r-e lookino for a 200-watt per 
kiloorhm pro-to-type for a five-year geosynchronous orbit by 
the t%n,;-: of /h7, and in the meantime \re’re looking at the 
basic understandino of oerformance characteristics and 
faiJure mechanisms DV the enc1 of ‘55. 

I’m not ooinc to t?ll you more aoout this. It’s a 
very successful program anu 9r. Somo~no, who is goino to be 
a session chairman here, can tell you more about it because 
k:.G ’ s tne leaoer oi that particular task. 

?he sodium anode/molten salt/beta aluminum 
svst ems, where the emphasis is on 10~ temperature molten 
salts (about 165 dearses) and high capacity cathode 
materials. 1 unuerstand that the best one found to aate is 
nickel sulfide. It’s sort of fortuitous, because they were 
looking at niooiu:n sulfides and such things, and thev found 
out it was the nickel screen that actually gave the best 
perrcrmance. 50 it’s nickel sulfioe now. And they ere 
goinq to start making prototype cells during this year, I 
unoerstanu. 

X:irLA always hao a certain amount or use ior 
primary batteries ana of course the primary battery usea by 
?jAbA, until now has been the silver-zinc battery. rie are 
looking for high rates. 

Now we have a program in place at JPL which looks 
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at primary lithium batteries. lhe emphasis is on safety and 
life. The goal is to demonstrate a safe, high energy 
density, long-life prototype cell by the ena of ‘85. 

uYe are approaching this a little bit differently 
now. Ihere’s enough practical experience in the community 
so that we can go back and develop a prototype cell, but 
first understand what’s going on in it. 

Again I’m not going to give you any details of 
this program because Harvey Frank from JPL is the leader of 
that task and he is also sitting in the audience, and I’m 
certainly not qualifies to take his place. If there are any 
ouestions you have, please oirect them to him. 

how all this sounds pretty research and 
technology-ish, and it is. There is also something that is 
lust unabashedly basic research, and we call that 
FunJamentals, and it helps alone in most of the programs. 

(Figure 1-l 1 1 

tie want to understand basic mechanisms, and we 
want to unoerstand the basic mechanism even in the 
nickel-cacmium system in which nobociy understands the basic 
me chani sms yet , even thouqh the battery works very well. 

Irwin Schulman, who is the leader of the task of 
the nickel-cadmium failure model, is also in the audience; 
so i/m not going to elaoorate on the failure moael which is 
a very good on2 and which is now in the process of being 
kaliuated successfully. 

There is 21~0 some basic, supportive work going on 
et the Lewis I?esearch Center such 2s electrolyte volume 
martaqentent in metal-gas satteries ant in fuel cells, and a 
very interesting interactive graphics program in synthetic 
batteries which really graphically tells you when you do not 
balance cells in a battery what can happen just after a very 
few cycles. Larry Thaller gave a paper on that in Atlanta. 
I'm sure that you can get a reprint of that. 

Well, this is the extent of the NASA Office of 
Aeronautics and Space Technology, Battery Research and 
Technology Program. Now I am going to learn in the next 
three days how to change it. 
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Thank you very much. 

DISCUSSION 

BIEHMAN (Honeywell): You showed your pie charts 
there with the various percentages 01 where you’re spending 
your funds. Would you care to comment on the overall budget 
dollars themselves? 

AMB,?US: Yes. The overall budget for fiscal ‘82 
is about $15 million, 15.5. Of that, cnemical energy 
conversion and storage is 3.‘7-some. I don’t remember the 
‘tii figure exactly but it comes out about the same. UP 
until a couple of months ago it was much larger. 

SENSE (dockw ell > : The overall system analysis for 
the fuel cell system shows that its Efficiency is ouite a 
bit less than that of, say, a nickel-hydrogen system, and 
I’m just wondering: I/o like to have your comments as to 
the justification for the use of a fLe1 cell system in view 
of such a great difference in the overall efficiency. 

The implications here are that when you have such 
low efficiency, you need much larger solar arrays, and for 
low earth oroit this also implies thEt you have an extra 
load because you have to keep the bird in orbit. 

A ;,;\ f! ;> u 3 : \I es, I agree with you, ana there are some 
stuuies that agree with you. And there are .some stuoies 
that say that no, it’s nickel-hyarogen that is going to be 
heacier. 

‘This is why I commented thEt we are having several 
studies done on the use of fuel cell electrolysis versus 
nickel-hydroaen. and, uepenoing on who does the study, 
aepenoinq upon the assumptions that people make, they come 
out neck and neck. Now since we are committed to improve 
fl_rel cell technology, we figure we had better go on with 
both, and then let the practical ex.perience decide. 
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MISSION OF THE NASA SPACE RESEARCH AND TECHNOLOGY PROGRAM 

TO PROVIDE A TECHNOLOGY BASE THAT WILL ADEQUATELY 
SUPPORT 
ENHANCE, AND 
ENABLE 

CURRENT AND FUTURE ACTIVITIES IN tHE EXPLOITATION bF SPACE 

Figure l-l 

0 ADVANCED PLANETARY SPACECRAFT 
0 ADVANCED SPACECRAFT IN GEOSTATIONARY ORBIT 
0 LARGE SPACE SYSTEMS IN LOW-EARTH ORBIT 

POWER SYSTEM REQUIREMENTS 

0 HIGH CAPACITY 
0, HIGH ENERGY DENSITY 
0 LONG LIFE 

CYCLE LIFE 
STORAGE LIFE 

Figure l-2 

l&lOR THRUSTS OF THE SPACE POWER RESEARCH AND TECHNOLOGY PROGRAM 

0 PHOTOVOLTAIC ENERGY CONVERSION 
CHEMICAL ENERGY CONVERSION AND STORAGE 
THERMAL TO ELECTRIC ENERGY CONVERSION 
POWER SYSTEMS MANAGEMENT AND DISTRIBUTION 

0 ADVANCED ENERGETICS 

SEEKS TO EXPLORE REVOLUTIONARY NEW CONCEPTS 

Figure 1-3 
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SPACE POWER RESEARCH AND TECHNOLOGY 

FUND DISTRIBUTION BY SPECIFIC OBJECTIVE 

FY Bl FY 82 

PHOTOVOLTAICS 

COWERSION AND 
POllER SYSTEMS 

PHOTOVOLTAICS 

TOTAL 513,673M TOTAL 115,874f; 

Figure l-4 

CHEMICAL ENERGY CONVtRSlON AND STORAGE 
FY 62 FUND DISTRIBUTION 

FY TASK AREA BY CENTER 

FUEL CELL/WATER FUEL CELL/WATER 

Figure l-5 
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CHEMICAL ENERGY 
CONVERSION AND S’I-ORAGE 

CRIYARY 
lllllll ENEAOV 
bENflTV 

SECONDARY 

,.. 
FY II FY 12 FY 83 FY U FY 06 FY 8) 

HlGn CArAClTY 
STORAGE TECIINOLOGY 

FUNDAMENlAl 
lNVESTlQAtlONS 
J-JPL 
L-LEWIS 
JS-JSC 

0 ADVANCED ENERGY STORAGE 

0 COUPLING OF TWO MATURE TECHNOLOGIES 

0 TWO COMPETING SYSTEMS 

AMALINE H2-02 

WE IQ-02 
0 SPE GREADBOAAD DY END FY 82 

0 ALKALINE BREADBOARD BY END FY 83 

0 HIGH CAPACITY 

0 INTEGRATlON WITH CREW LIFE SUPPORT 
PROPULSION 

0 HIGH ENERGY DENSITY 

Figure 1-7 
NIH2 BATTERY SYSTEM 

0 EMPHASIS 

LONG RAKGE PLAN DEVELOPED (FY 81-86) 

CONTINUOUS COORDINATION WITH NASA CENTE'RS AND AIR FORCE 

IfiPROVED CWONENTS 

INPROVED SYSTENS 

0 GOAL 

DEVELOP A NICKEL-HYDROGEN ENERGY STORAGE SYStEH WITH TWICE THE 

USABLE ENERGY DENSITY AS THE EPIJIVPLENT NlCD SYSTEH AT EPUIVALENT 

SYSTEH LIFE WY+EARTH ORBIT) 

Figure 1-8 
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HIGH ENERGY DENSITY SECONDARY BATTERIES 

0 MBIENT IEkPERATlJRE LITHIUM SYSTEMS 

EMPHASIS 

MATERIALS PERFORMANCE 

DEGRADING MECHANISMS 

GOAL 

200 WHR/KG PROTOTYPE (5YR CEO) BY END OF FY 87 

BASIC UNDERSTANDING OF PERFORMANCE CHARACTERISTICS AND FAILURE 

MECHANISM BY END OF FY 85 

0 SODIUM ANODE. MOLTEN SALT/BETA ALUMINA SYSTEMS 

EMPHASIS 

LOW TEMPERATURE MOLTEN SALTS 

HIGH CAPACITY CATHODE MATERIALS 

GOAL. 

200 WHR/KG COUPLE DEMONSTRATION BY END OF FY 83 

Figure l-9 
BINARY LITHIUM BATTERIES 

0 EFlPHASlS 
SAFETY 
LIFE 

0 APPROACH 
IN SITU ANALYSES 
INVESTIGATION OF CL02 
THERFlAL ANALYSIS 

MICROCALORIMETRY 
DSC 

VOLTAGE DELAY 
HIGH RATE CATHODES 
SOA ElONITORING 

Figure l-10 

0 GOAL 
DEMONSTRATE SAFE, HIGH ENERGY 
DENSITY (300 WHR/KD). LONG LIFE 
PROTOTYPE CELLS BY END OF FY 85 

FUNDAMENTAL INVESTIGATIONS 

SUPPORTS ONGOING EFFORTS BY UNDERSTANDING BASIC RECHANISflS 

0 NrCo FAILURE MODEL 

MODEL VALIDATION 

CYCLING PROGRAM - DESTRUCT ANALYSIS 

NONDESTRUCT ANALYSIS 

STATISTICAL ANALYSIS 

0 ELECTROLYTE VOLUME MANAGENENT 

SEPARATOR PORE SIZE ENGINEERING 

0 SYNTHETIC BATTERY CYCLING 

Figure l-11 
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HIGH RATE, HIGH RELIABlLITk Li/SW CELLS 

R. Chireau, PC1 

YYe’re going to discuss today the use of the 
lithium/sulfur dioxiae system specifically for some high 
rates, high reliability aerospace applications. 

‘The lithium/sulfur dioxide electrochemical system 
is well known, extensively used. It’s probably the most 
advencea of the primary lithium systems that are in use 
today but we think primarily of it as a low rate system. In 
fact most of the applications to which it has been devoted 
have been restricted to low rate applications. 

Orlr b:or!c here will endeavor to show some of the 
applications, some of the changes which can be made to the 
system to make it work in the realm cf hiqh rate 
aqpl icat ions. 

(Figure 2-l 1 

Llur first slide simply indicates the comparison of 
the high rate aensitv in the system, the sulfur dioxide 
system, in comparison to some common primarv svstemsr 
mercury zinc. silver zinc, magnesium oxide. tie have anplied 
some conservative estimates here on the storaqe life, shelf 
life of the svstem so far es the lithium/sulfur dioxide is 
cone erned. 

Cre have oocumentea values for more than five years 
slthouch it is here indicated as five vears. All the rest 
of the characteristics which are enurrerated here are prettv 
well kno*f/n to the audience l/m Sure End what else we found I 
think speaks for itself. 

(Figure 2-2) 

In the next slide in this maze of numbers we have 
trieu to come out with a standard -- well, not pretty much 
standard but a line of lithium/sulfur clioxide cells, and I 
think the last two columns are pretty well indicative of the 
values of energy density which nave been achieved. ‘These 
actual numbers have actually been achieved. Ana you can see 
we are pretty well in the ballpark 01 whet we haa put in the 
previous sliae. 
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We’re talking of numbers which range from roughly 
100 watt-hours per pound to aborJt 150 watt-hours per pound, 
end these are actual finishea cells. ?he various model 
numbers change only insofar as the capacity is concerned, 
ana the diameter, height, etc. 

(Figure 2-3) 

Here we have indicated the cross section of a 
typical cell. All of the cell modelt which we previously 
put on the board foJlowea this same design construction. 
C\e’re talking of the commonly known S:ellyroJ1 construction, 
- cathode wouna as a laminate separateci from the anoae 
Which is lithium, of course, by means of a separator. 

‘Tne cathode is a carbon corrpound laminated onto a 
r;ric, separating microporous propylene material. an anode 
lithium sheet of course. The can, steel. Hermetically 
seaJed construction. Ano you can see immediately the 
contribution of the can end the weight of the various 
materials which of course ao no% directly contribute to the 
enercy uensi ty. 

flowever, I show this picture to indicate that in 
our work on the high rate system we use this as a basic 
noti 1 . ano no changes have been made basically to the 
structural constructiop of the cell. 

(Figtire 2-4) 

riiow then, 
looking fo;? 

in a high rate system what are we 
fIrhat are the characterjstics of the typical 

high rhte system for an aerospace application? tihat would 
he cons1de.r as being desirable goals? 

Here we have two types of batteries which we will 
look into in a little more aetail. Bnd we have what many of 
you wiJ1 recognize as being some rather stringent 
missile/aerospace requirements. We have a high rate, high 
k-olteqe, 215 volts overall, iVe have two conditions under low 
profile. One is a pulsing type regine which rates to 18 
amps. The other, no pulses but a steady state reauirement. 

l’ne environmental requirements are almost standard 
50 far as qualification, acceptance End storage, ranging 
frolr, minus 85 to as hiqh as 125 to 140 degrees. 
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Our energy density requirements are not that 
strict in terms of what we require, 47 watt-hours per pound 
in one case and 50 watt-hours per pound in another case, and 
neither are the watt-hours per cubic inch. 

We bring your attention to the power density 
requirements. however, of 14.1 watt-hours per cubic inch in 
this Type A battery unaer maximum lozd which is considered 
unusually high for a lithium application. 

(Figure L-5) 

Now in the aesian of the cell, what are some 
considerations that we have to examine in order to make the 
system work as a hiah rate system? Y.e’ve listed here some 
of the most important requirements which had to be examined 
ana actually solved to make this system a realitv. 

“A” is fairly obvious. \ou have to have the maximum 
surface area that you can possiblv put into the system. 
itemember again we’re talking aborlt general construction so 
you’re kind of limited there. 

Then we go cn to a series of other requirements 
such as balanced electrode configuration. Here we’re 
talking about stoichiometrically balsncing reactants in the 
cell for safety reasons. lhis system we consider must be 
lithium-limiteu. 

High cathode efficiency, acain an obvious aesign 
requirement. To minimize the voltage drop within the cell 
very heavy current collectors are reouired, multiple 
tabbing, etc. 

‘The hermetic seal desian which we put under the 
design considerations is a rnust; obviously, for the long 
shelf life requirements we must have a hermetic seal. 

lhe “CI’ we consioer acain z must, venting, because 
of the safety aspects. I”le mustn’t fcrget that we’re talking 
of hioh rates and therefore we’re going to see lerge thermal 
gradients. and so the ventina of the cell. oecomes a 
reou i rement . 

In subsequent slides we hope tc show you some data 
on what happens at the high current oensities that we’re 
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talking about. Low resistance separstar, apain to keep down 
the 1R losses and of course the temperature which ensues from 
the high rate discharges. 1 think most of these things that 
we listed here are feirly obvious. 

(Figure 2-6) 

From battery design consiosration, the power 
and energy densities must be maximized: that is to sav, we 
work with the lightest materials in the operation of the 
cell. There's not too much we can dc within the cell itself 
to maximize the rnaterial except to try to thin out our 
materials such as grids and can to the limit, but there is 
not too much we can do there. 

A battery consists of not (Lust the cells plus all 
of the auxiliary equipment which are the intercell 
connectors or pads and the can and po%ting, and of course 
those are the reasons you have to lock in order to maximize 
enerc;y and power densitv within the system. 

Item 3, the suspectibility to mechanical, 
chemical, electrochemical aeqraaation, 5ve’ve lumped unoer 
the term L’neliability.J’ ActuaJly we’ve hao a reliabilitv 
goal that we set for ourselves in ooing this work, and the 
reliability of each one of the components of the battery has 
to be examined in the liaht of achiecino this reliabilitv 
goal. 

%attery oesign. In the cesion of the primary 
battery, Item 4, the voltace regulatjon, the voltage on loaa 
is e>rtremely important in view of the fact that the 
bell-known initial voltace drop or vcltece transient which 
is commonly observe0 in the lithium/sulfur dioxide system 
must be taken into account. 

Here there are several design approaches which are 
available to us to minimize these transients. But the 
chemistry of the cell mitigates against the complete 
solution, the complete elimination of what we call transients. 
At least we can minimize them to get them into the millisecond 
range, under a millisecond, but so far it has not been possible 
to completely eliminate that which we call a transient and 
therefore its effect on voltage degradation. 
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Continuing down the list, he have, again obvious. 
oesiqn criteria storage life. ‘Ihe storage life of the 
system I think is pretty well aocumented over a period of 
five years. vJe have shelf life data which indicate 95 
percent of capacity retention at norrnal temperature 
a!nbi ence. 

As we a0 up the temperature, temperatures of 130 
to 160 degrees, that capacity retention figure drops off a 
bit but it is still fairly acceptablE. Pihat has proven to 
be a bit of a roadblock is the effect of the temperature and 
storaqe time on again the voltage transient. That is 
something whicn rem&ins to be worked on end for which riqht 
now the solution is not readily seen. 

u’re have enumeretec various otner criteria in the 
primary battery design which for the saKe of continuing we 
will 1 ust pass ober. 

(iiqure 2-7 1 

i\J 0 w , havina enumeratea a31 the qooa thinos that we 
\r:ould like to uo, that we see shoula be clone, how aid we 
fare in a typical clesir,-n of a hiqh energy clensitv ena high 
power cr Jet’s snv I>iqh rate battery? 

Nell, c:oing back again to our two lvpe A and lype 
E nztteries. we heve two systems which we consiaer come 
pretty close to meetinq our oricinal aoals and under 
envelope d imens i ons we c;ive yot~ son’e figures as to tne 
lencth, width, weight oimensions. 

As to the confiaurRtion of the cells, we have two 
ciifferent configurations since there are two different 
requirements . Sn+ uses a cell which is i! little smaller 
than the other. 4ost of the work on these data that we'll 
present will center around the lype E battery where we’re 
usinc,r our model 550 which reduces dcbn to the size of a D 
cell. This would be a d-sized cell, so therefore we’re 
tal!<inc of a modified D-tvpe cell capable of high rate. 

And the cell of course is Fackaqed within a 
canister of stainless steel with all the rest of the fruit 
salao that qoes alone with any aerospace application. 

A heater blanket is required because of the 
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operational requirement down to minus 65. 

(Fiqure 245) 

before we qo into the actual data I’d like to show 
a terrible picture. This would be our lype A battery; 

(Fiqure 2-Y) 

This is our Type 5 battery. 

(Fiqure Z-101 

In the cell cesiqn, to shop the ranqe of current 
density and the voltage response obtainea you see we’re a 
little beyonc the normally accepted range of current 
densities for lithium/sulfur dioxioe systems. 

(Fiqure 2-l I) 

Here we show what happens at a fairly hioh rate. 
The current density is equivalent to about 20 milliamps per 
square centimeter ana the system is carried all the way to 
zero discharge, into reversal. Ihe cell vents after the 
reversal condition. 

(r‘iaure 2-12) 

This slide shows again a typical cell and its 
temperature orofile limiteo to discharqe. Notice that we do 
not carrv the cell into reversal, therefore there was no 
[2ntin<r. Ihe temperature is only I I(; deorees Fahrenheit. 

(Fiqure 2-13 1 

Finally, we have a battery voltaoe. This would be 
the Type A battery. The temperature is plus 40 ana 
therefore doesn’t use heater power. But notice that this is 
e complete battery, 12 cells. !iOtiCe the temperature 
profile. 

(Fiqure L-14) 

And, f inallv, the Type 3 battery. lhis is 
constant current at 9.2 amperes, and again the temperature 
<:oes to almost 200” F. 
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(Figure Z-15) 

The last sliae shows an actual testing of 
batteries with heater, minus 65, under pulsing loaas which 
one can calculate. kciu have the actual ohms. You’re 
talking very high current. The voltage response is on the 
right. 

The oattery on the right-hand siae -- the Type A 
battery -- was tested at 125 degrees Fahrenheit and again 
we get good voltaqe. Notice that none of these batteries 
have vented during the course of the discharge. 

In conclusion I’d like to say that our work, 
although limited so far, inaicates that the system, the 
lithium/sulfur dioxide system, appears to have come of age, 
is coming of age, anu that a low rate system looks like it’s 
about to enter into the high rate application category. 

Thank you. 

L,ISCUSSION 

MASCOUX (tiuqhes 1 : Have you attempted any 
environmental testina in mechanically severe environments 
with eitner ~931s or batteries? 

CH 1HEAU : Yes, we have. 

MAtlCOUx: Could you tell us about that, please, 
viuretion environments in particular: 

CHIh’EAU: ne have tested both cells ana batteries 
under conoitions of very severe random vibration and have 
found that there is no effect, provided certain precautions 
are taken in the design of the cell. 

lhe main area that one has to watch out for is the 
breakage of the tabs during random vibration shoula one 
reach a harmonic, but that problem hes been solved. 

MAiiCOUX: lhank you. 

tiAMAN (Duracell): tioula you explain to me the 
short circuit current of the cell ussd in Tvpe A ana Type 3 
batteries? 
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CHIREAU: In the Type A battery which uses our 
Model 660, the short circuit current would be estirnatea at 
approximately 22 or 25 amps. In the 55U that current would 
probably be somewhere in the range of aoout 30 amps. 

RAMAN: And you were able to get with a 9 amp 
discharge about 2.2 volts with that 22 amp? 

CHIREAU: kes. 

I~AMAN: lhank you. 

OTZI14JGEti (Rockwell ): What are the capacities of 
these two units? 

CiiIREAU: In the first unit the capacity is 
approximately 4.5 amoere-hours, ano in the second about R 

ampere-hours. I will modify that to state that those are 
the capacities at a rated nominal, siy four-hour rate. As 
the current or the current density qoes up you will get a 
correspondinalv lower capacitv which we have established 
empirically, but I’d have to get it. 

LITZ I NGE;?: These are basically B cell types? 

CHIREAU: Yes. 

bIS ( NSVYC): I have one question. You mentioneo 
you balanced the cell stoichiometricellv and in the same 
vuoraph, if I recall correctly, you also mentioned that 

you basically are limited, lithium-limited, which means if 
you’re going to pick the ratio you/r-t going to be -- lithium 
to Sc32, you’re going to be excess SCIO;.. Is that correctl 

CHIREAU: No. No, that’s not what was meant by 
projecting that vugraph. What we are trying to say is that 
these are desirable characteristics that we would.like to see 
in the svstem. Obviously it is not possible; we can’t be all 
things to all men. b’re would like to be balanced for safety, 
obviously, but we also know that for the sake of maximizing 
eneroy densitv in certain cases we wculd also like to be 
lithium-limitea. 

So the two statements do not compete against each 
other, and the designer of this system, the designer of the 
hioh rate cell, must take these things into account. nhat 
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I’m really saying is that every application must be examined 
on its own. PYe’re not going to be able to pick a common 
garden variety cell for all applications. 

i”lATSON (SP.FT 1: 1du mentioned in your presentation 
reliability coals. i”lhat were your high reliability goals 
and did you achieve them? 

CHIREAU: Ee have achieved the reliablity coals. I 
believe that we had on the two battery types a requirement 
or coal Of a mean time before fi=JilUrc i’l a non-operational 
mode of 420,000 hours, and under mission -- oper.?tional 
conditions -- r7^ mean time between failrlres of 3.?0~000 hours 
under some specified environmental conditions. 

fle achieved an ewJlvalent cf b40,.?.37 .io!~rs, which 
is eboutr oh, 20 percent hither thar what we expectea. rhis 
is under the reliability assessment c?or-:( ?zh;lt ‘tie did on this 
proqrarn. 

SCHUILLA (CIA): I have z three-osrt guestion. I 
woulc 1 ike to know if you ueliberately venter ~~11s in a 
cattery conf iourat ion. lhat’s one F,;rt. 

lhe second part is if you Cid, what’s the case 
deflection in the vent area? 

And the third question is jf you got any 
oeflection with the close packacino crranqernent in your 
cells -- 1 Pelieve you have two vents at V!J deqree anqlc?s -- 
what prevents it from shorting: out tc the cell’? n l-l c: t w3 u 1 c 
prevent one cell from shortzinc: int,o another cell an:~ 
bypassing the protection YOLJ have prcvicied: 

CHIREAU: iyell, I’ll ansPVer your questions in 
turn. The answer to the first nuestion, which was oo we 
provide for venting in the cell, and tt?e answer is yes. 

lhe second cluestion, the cese deflection. You 
will have noted in the vunrach that the battery is provic?c: 
with a pressrlre relief valve. ?he rr-esscre relief valve 
faces directly into the center of thr b?ttcry pack. 

SCHIJ I LLA: I/n not talking aborlt the battery case 
deflection: I’m talkina about the cell vent araza deflection. 
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CHIREAU: Okay. The vents are oriented in the 
assembly of the battery. Ihey are oriented towards the 
central longitudinal space where they can deflect or move 
and it is not restrained. Actually when the cells vent and 
there is movement of the vent, of the side vent, the metal 
;ust merely moves in the center space which we allow for such 

Seflection of the metal. 

There is no problem insofar as preventino the 
motion of the cells, or the motion of the wall in some case, 
the wall from movina. tie have not hcd that problem. 

And what was the third part? 

SCHUILLA: I’m lookinc at t.he two ceJ Is. lhey’re 
situetea buttea IJP against each ot!ler. I f you nave a vent 
portion facina another call-- 

CilIREAU: They do not face another cell. They 
face a void which is located, as I SEV, in the lonqitucinal 
aspect. ihe cells are cylindrical and when they’re forned 
intc the confiauration we have shown there’s a center void 
soace ‘which is a3 lowed, and tne cells vent into that space. 
kno there’s a con3uit which allows tt.e oases to escape from 
that space into the vent. 

SCiiU I LLA; Thank you. 

HELLFiiIT%SCI--! (SeJf -employee): ?Yhen I hear 400.000 
hours mean time beth;aen failure, that’s like over 4C, years 
or 50 years. I think I need to ICnow whzt lLfailuret’ is 
cefined as, and how in the devil you ever were able to 
determine sorqethincr like 50 years. 

Ciil i>EAU: 8e did what I oucss the statistician 
woulc call a fai111re mode effects nno criticality analysis, 
and basicallv every conponen t in the system is -?s~e,c;sed a 
certain mean time to fail~lr-e. And tFle addition of the time 
to failure of every one of these c0rr.ronent.s amounts to this 
nebulous number of 400,000. I’m not much of a statistician 
mvself but apparently the numbers corre out. 

HI! LLFR mzsc:1: I’d be interested in if -7 hundred 
batteries or cells are nut to the t,est, or a thousand for 
the olc reliability fioure on what percent will have faileo 
and what percent will not have failec. 
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CHIREAU: In effect in the program the same 
approach is taken. In fact, as part of this program, some 
-- what? -- upward of 3500 cells were actually put through 
their paces through various tests, of course. 

HELLFHITZSCH: And how many failed? 

CHIREAUt I don't have those figures. 

HELLFRITZSCH: Did any fail? 

CHIREAU: Les. lhere are various criteria for 
failing. 

HELLFRITZSCH: I recommend that they develop a way 
of conveying reliability in numbers that make some technical 
sense. This methoa doesn't make any sense at all. 
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PRIMARY CELL COMPAftATIVZ PERFORMANCE 
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Figure 2-1 

PROPERTIES OF PCI ‘LITHIUM SULFUR DIOXIDE PRIMARY CELLS 
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Figure 2-2 
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Figure 2-3 

CELL. DESIGN 00NS1DEPAT10NS FOR “IG?l RATE APPLTCRTIONS. 

(a) ELECTBODE DESIGN 
HIGH POWER CONFIGuRATION 
BALANCED ELECTRODE CONFIGLmATION 
LITHIa” LIMITED 
HIGH CATWODE EFFICIENCY 
ANODE ClmFxs-r COLLECTOR 
MaLT1PL.E TABS 
PRRWEL ELECTRODES 

Figure 2-4 

PRII4mY BATTERY DESIGN CRITERIA 

2. CnkNGE OF THE ABOVE WIM STORAGE. 

3. S”SCEPi”IBILITY TO MECHANICRL, CHEMICAL OR ELEmRocnEMICAL 
DEGRADATION (I.E. RFLIABILITY). 

4. VOLTAGE rlPaIATION (LOAD ON DISc?aRGE). 

5. STOPAGE LIFE. 
(b) HERMETIC SEAL DESIGN . 

6. EFFECT OF TEMPEFATORE ON (1) (3) (4) (5). 
(c) EVALUATION OF YENTING FEATURES FIND CONDI:TIONS OF VENTING. 

7. SPECIAL CRITERIA (I.E. F.ESISTRNCE TO SPECIFIC EWIRO~S) . 
(d) EFFECTS OP ONUS"AL. CONDITIONS OF "SE SUCH AS HIGH TEMPESATUSE 

Ins-GE. 
8. DIODE PRoTEc-rION 

(a) LOW RESISTANOE SEPMWiWR TO HININIZE OHMIC LOSSES. 

-( f) PERFOREUNCE/SAPETY CONSIDERATIONS. 

Figure 2-5 

9. BATTERY ENc?axJLATION 
NON-FLULMABLE 
SAFETY VENT ACTIIVATION 

1O.TEl4PERRTmE COtmROL AND LIMITATION ON DISCHARGE. 

Figure 2-6 
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BATTERY DESCRIETION AND cnwAcTERISTICS. 

EtivsLOPE DInENSIONS : 

Length : 5.00 inch (max) 5.90 in. (ma4 
Width : 3.91 " " 4.50 ” ” 
Height : 2.44 ” ” 2.80 ” ” 
Weight t 2.5 Iba " 3.35 lbs " 

CoNFIG"RATION : 

1. BATTERY CONSISTS OF 12 BATTERY CONSISTS OF 12 
SERIES CONNECTED, SEhLED SERIES CONNECTED SEALED 
G/Se2 C&G MODEL 660-3- Li/SOI CELLS b!mz?L 550-s 
s- HRS PACKRGED XITHIB A - HFS PACKAGED WITHIN A 
SEALED S.S. CANISTER . SEALED S.S. CANISTER . 

2. CONNECTOR : i-wms WITH CONNECTM : MATES WITH 
H5 274-843 1OF 35P. MS 274843 14P 1BP. 

3. DIODE PROTECTION : INDIVIDUAL CELLS ARE DIODE PRoTEcrti. 
Type ‘A’ LVSO, Battery 
I2 X 660-3-SHR-S (53AHnom) 

4. A SAFETY CENT "SCHANISM ON THE COVER OF THE SATPERY CUE IS DESIGNED 
,TO RELI?xE INNTERNAL CANISTER PRESSURE. 

5. A HEATER BLANKET SaRROaNDS T"E IWTEFNAL CEIL STACK STR"CTaP.F, TO 
PERMI:T BATTERY OPERATION xi” TEMPERRTURE OP -65 I . 

Figure 2-7 

Type’& Li/SO, Battery 
12 x 550-SHR-S (8.OAH nom) 

Figure 2-9 
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Figure 2-11 

T\ML 

Figure 2-13 

-n-d.m 

Figure 2-12 

0 1 I I I I I I.1 I I I I lo 
4 d $6 20 

3, %sL.SOuD kA\uL):lo+ 
I T\rrhZ 

Figure 2-14 
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BATTERY DEVELOPMENT TESTING RESULTS. 

I- BATTERY TYPE A ( 
(ENG PROFILE) 

TESTED 0 TWO (2) TEMPERATURES) 

DISCHARCHARGE PULSING LOAD 
TIME( SEC) AMPS OHMS 

0 
36 
37 
37.5 
38 
38.5 
39 
39.5 
40 
40.3 
41 
44 
290 
300 
314 
527 
690 

4.0 
0.5 

4.0 
1.0 

4.0 
0.5 

4.0 
1.0 
2.9 

5.4 
1:0 

5.4 
1.0 

5.4 
1.0 

4.0 

BATTERY VOLTAGE 
001 s/N 

-65OF (W/HEATER) 
35.07 
30.89 
23.43 
30.89 
24.66 
30.89 
23.43 
30.89 
24.66 
26.71 
29.45 
24.66 
29.45 
24.66 
30.14 
26.99 
31.91 

UH. - BATTERY TYPE B ( TESTED G TWO (2) TEMPERATURES) 
( 9.2 AMPERE CONSTANT CURRENT) 

DISCHARGE TEMFERATURE 
BATTERY OCV 
BATTERY VOLTAGE 
8 20 MS 
63 11.5 minutes 
0 END OF DISCHARGE 
DISCHARGE TIME (MINUTES) 
BATTERY TEMPERATUREOF 
@ 11.5 minutes 
@ END OF DISCHARGE 

+ 40°F 
35.15 

+ 120'F 
35.05 

23.64 29.04 
30.44 31.20 
24.75 30.46 
23 18 

118 181 
167 213 

(VOLTS) 
s/N 002 
+12S°F 

35.04 
31.09 
22.20 
31.09 
22.20 
31.09 
23.69 
27.22 
29.08 
23.69 
29.70 
25.20 
30.13 
25.20 
30.13 
25.20 
31.63 

Figure 2-15 
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ACCELERATING RATE CALORIMETRY: A NEW TECHNIQUE 

FOR SAFETY STUDIES IN LITHIUM SYSTEMS 

W. Ebner, Honeywell 

Thank YOU, Dr. His. 

Solving the safety pro5lems associated with 
lithium electrochemical systems is currently a major 
priority for the battery industry. lhis morning I would 
like to discuss a new technique we’re using at tionevwell to 
study these safety problems, and presgnt some of the initial 
results we’ve attained with the lithium-sulphur aioxide 
system in a contract with the Naval >urfEce Neapons Center. 

lhe techniaue is accelerating rate calorimetry and 
was aeveloped by Dow Chemical Cornnsn) specifically for the 
purpose of stuaying thermal runeway reactions. Col:Jmbia 
bcientific Industries, Incorporstec, commercially markets 
the instrument we are rlsinq. 

Lithium cells are sometime: known to underoo 
thermal runaway reactions followina certein abuse modes sllch 
as forced discharge into reversal ant chercinc. Szf ety 
studies therefore should nuantitativcly determine the 
hazards associated with these thermal runaway reactions 
independent of anv heating effects. This is what w? ar? 
presently tryinc to do with the lithirlm-sul=,hrlr dioxide 
system under conditions of forced discharae into reversal, 
resistive overdischarge, and charqinc.. 

Generally a thermal hezard is chzrscteri7ec bv the 
rate of temperature rise and the overal. maqnitTrde of 
temperature and pressure increase. lherefore, in conductin? 
a thermal halards investiaatio? it’s imnortant to acquire 
information dealing with the kinetics of the reaction; t”lat 
is, its time and temperature behavior, the theraodvnamics of 
the reaction; that is, its total energy release, aloncl with 
its pressure behavior. 

In our studies with the lithiUr?-Sulnhur aioxide 
system, our objectives are first to oetnrmine whether or not 
exothermic reactions play a siqnificent role in a particular 
test mode. 
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Secondly, we want to characterize any observed 
exothermic reactions with respect to their time-temperature 
and time-pressure behavior. 

Finally, for any major e.xotherms, we want to 
identify the reactions occurrinq so that we may find a way 
to e3iminate or inhibit them. 

because the accelerating rtt e calorimeter was 
aesigned specifically for the purpose of thermal hazara 
investigations, it has certain advantages over conventional 
techniques sucn as differential therlial analysis and 
aifferential scanning calorimetry. 7.hesF aavantages are 
summarized in the first sliae. 

(Fiaure 3-l 1 

First, the effects of self-heatinq are taken into 
consideration, which allotis an Pccuretie assessment of the 
hazard to be mede both with resn!?ct to the cnqrse to which 
the reaction is accelerated bv temperat!lre, and also witti 
respect to obtaininc; the minii0ll.n initiation t.emperature. 

Ahen the effects of self-hfatinq are taken into 
account, the initiation temperature Viould be much lower than 
that obtained in DTA studies. 

Secondly, the instrument is desiqned to be ruclned 
enouch to withstand explosions. 

Ihird, pressure data are obtained directlv th[lr; 
allowina the maanitude of the hr-zard to be airectlv 
obtained. 

Fourth, large sample sizes can be .smploved. lhis 
allows us to conauct analyses on acttlal cells rather thsn 
being limited to microouantities of reagents such as is the 
case in DTA and DSC studies. Ihis feature also makes it 
much easier to collect samples at ths encl of the experiment 
in order to identify the products formed. 

tiinally, qes samples can IZC collectea during the 
course of an experiment which are verv useful for 
identifying the reactions takincr place. 

lhe accelerating rate calorimeter is essentially a 
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microprocessor-controlled adiabatic calorimeter. During the 
course of an exothermic reaction the instrument maintains a 
sample under adiabatic conditions and monitors the 
temperature and pressure as a function of time. This 
particular instrument has the- capability of studying 
reactions up to temperatures as high as 500 degrees 
Cent igrade, ano pressures up to 2500 pounds per square inch. 

(Figure 3-2) 

This slide shows the time-temperature behavior of 
a typical thermal runaway reaction, in this case the 
decomposition of di-tertiary butyl peroxide. It is this 
exponential behavior that characterizes a thermal runawav 
reaction. 

Data obtained from the experiment can be used to 
kinetically model the behavior of a system over the 
temperature range of interest. Without mechanistic 
information, however, on the reactions tekinq place, the 
kinetic parameters cannot be given fundamental siunificance, 
but they ere very useful in predicting the behavior of the 
system. 

Ihe key feature here is thEt this tvpe of 
information can be obtained without having any knowledge of 
the reactions taking place. This is extremely important 
when evaluating complex samples such as ere involvea in 
lithium cell evaluations. 

The kinetic parameters of the reaction are 
extracted through a mathematical anaJvsis of the deta. 
First the data are plotted as the log of temperature rate 
versus the reciprocal of the absolute temperature which is 
shown in the next slide. 

(Figure 3-3) 

Again this is the data for the di-tertiary butyl 
peroxide which is used as a standard for the instrument. 
This is essentiaJly an Arrhenius plot of the data, and the 
activetion energy of the reaction is given by the slope of 
the curve at the starting point of the reaction, while the 
overall temperature rise (the adiabat.ic temperature rise) 
gives the enerov released by the reaction. 



In those systems where consecutive or multiple 
reactions take place, each reaction hill qive a curve 
similar to this which then can be indiviaually analyzea. 

In the studies we are conducting with the 
lithium/sulphur dioxide system, our vork has focused mainlv 
on forced discharqe into reversal, at least to date. 1 
would now like to present some of those results. 

(Figure 3-4) 

This slide shows the genei- characteristics of 
the cell we’re usina in our evaluation. Pie/r-e incorporating 
a reverse wrap. The cell has a surface area of 
approximately 70 square centimeters 2nd a capacity of 1.4 
amp-hours. Our electrolyte solrJtion incorporates 6S weiqht 
percent sulphur dioxiae and 6.4 weioht oercent 1ithilJm 
bromide. Also our anode incorporate5 a nickel-expended 
metal current collector. 

(figure 3-5) 

This slide shows the test vehicle we are using. 
lhe cell wrap is contained in a stainless steel housing 
which has an intern21 O-ring seal. ‘ihe case acts as the 
negative terminal and the positive tcr;r7inal is 5rour;ht 
out through a teflon compression seal. The cell is then 
connected to the calorimeter through a Swagelok fittin,:. 

Our investigations also consider the effects of 
cell design on safety. Four different cell designs are 
being employed, each incorporating different ratios of 
2ctive components. 

(Figure 3-6) 

This slide sr1mmarize.s the four desiclns that we’re 
using. The first desion is lithium-Jimited. Ihe second 
aesign is coulombically balanced. The t bird design 
incorporates excess carbon, while the forlrth desion 
incorporates excess lithium. 

In reverse discharge testino, each of these 
desians was tested and evaluatea at current densities of 
1 and 5 milliamos per square centimeter for a minimrJm of 200 
percent overdischarae based on the iritial svlphur dioxide 
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capa city. 

stab 
Our results showed that all cells were thermally 

le following discharge to the 2 volt cutoff. We found, 
however, that those cells having excess lithium at end of 
life, either by desian or because of rate-induced 
inefficiencies, demonstrated an exothermic reaction shortly 
after the cell went into voltaoe reversal. We attribute 
this exotherm to the lithium-acetronitrile reaction althorrgh 
ke have performed no confirmational analvses to date. 

(Eioure 3-7) 

‘This slide shows some of the component ratios 
present at the cells at the 2 volt ctitoff level. iJf the 
eight cells that we tested, four demcnstrated this 
exothermic reaction during voltaae reversal. At the 1 
milliamp per square centimeter disch,aroe rate, we founa that 
only the cell containing excess lithium by aesiqn qave the 
reaction. 

At ‘j milliamps oer souzre centimeter, however, all 
cells except the one that was lithium-Jimitecl by desion o&ve 
the reaction. 

Kie wanteo to look at some incicators to see if we 
coulo preaict whether or not this reaction wor~lci occur in 
future ccl 1s. And using the weiaht of SUlflJr ;-ioxide per 

unit area of lithium as an indicator, we fount that this 
reaction can occur at valur?s as hich as 
25 mi 11 i orams of sillfrur cjic)xi=le oer sclllare centimeter of 
1 ithiur:. 

Anottler indicator we lookec. at was the sulfur 
oioxide/lithium ratio. FrOin these res[Jlts tnis anpears to 
be a mclre reliable indicator as to whether cr riot this 
reaction will occur in a particular cell. A ValtJe between 
I .7 and 2.0 is indicated tc be the thresholci for stability. 

(Figure 3-e) 

Now this slide snows the time/temperat!Jre profile 
for this reaction. Here the exoerimental. data being 
presented is for the cell containing excess lithiul-n by 
oesiqn. It was tested at the 1 milliamo per square 
centimeter rate. 
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lhe bottom curve represents the actual 
experimental data, and in contrast to a typical thermal 
runaway reaction, this reaction doesn’t show the exponential 
time/temperature behavior at the end of the reaction. The 
type of behavior observed in this cell is indicative of a 
low activation energy reaction and in fact, our results 
indicate an activation energy of approximately 8 
kilocalories per mole for this reaction. 

One of the key features of the acceleratinq rate 
calorimetry is the ability to use the experimental aata to 
make predictions about the chemical svstem in different 
types of herdware and eauipment. Nor using this data, we 
were able to easily make predictions aoout how ttlis reaction 
LYould behave in different cell cnnfiourations. liere is the 
preaicted behavior of a lithium/SO2 C cell. 

Although this reaction doesn’t, constitute a 
thermal runaway hazard in itself, these results shoti that 
insulated cells can reach temperatures in excess of 130 
ceorees Centiqraae. 

(Figure 3-9) 

This slide shows the pressure/time behavior for 
this react ion. Aoain, the shape is \ery similar to that of 
the time/temperature profile. This particular cell 
obtained a maximum pressure value of aporoximately 115 
pouncs per sauare inch. 

No additional exothermic reactions ‘were detected 
ourino continued reverse discharaing of anv of the cells. 
However, at the completion of the reverse dischar;le, the 
cells were heated and the stability evaluated at elevated 
temperatures. ide fount that in most ins%ances the cells 
exhibit a series of exothermic reactions initiated in the 
120 to 140 degrees C. range. 

(i‘ioure 3-10) 

Now this slide shows the time/temperature profile 
for one of the cells. Again, this is the cell containina 
excess lithium by the desion, tested at 1 rnilliamp per 
souere centimeter. 

iiere we see that we obtain an exoonential 
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time/temperature behavior indicating that these reactions 
constitute a thermal runaway hazard. The lower curve 
represents the actual experimental deta. Again, the upper 
curve represents the predicted behavior for the 
lithium/sulfur dioxide il cell. 

tie see here that these reactions can cause an 
insulated cell to exceed temperatures of 300 degrees 
Cent iorade . 

(figure 3-l I I 

Now this sliae shows the Arrhenius type plot for 
these data. These data demonstrate that this exotherm is 
caused by multiple reactions, and specif icallv two mejor 
reactions are indicated, one represented by this peak, and 
one represented by this peak. 

There is elso indication that this secona exotherm 
is actually composed of two separate reactions, one here and 
one here. 

We are still in the process of analyzing the deta, 
but I would like to present some of our preliminary results. 

(Figure 3-12) 

We found that the first exotherm has an initiation 
temperature of 138 degrees Centigrade and the second 
exotherm starts at 163 degrees Centigraae. For this 
preliminary analysis we’re treating the second exotherm as a 
single reaction. 

Now the adiabatic temperature rise shown in this 
column is proportional to the energy released by these 
reactions, and our preliminarv analysis shows that oath 
exotherms are represented by first order reactions with 
apparent activation energies of 54 and 36 kilocalories per 
mole respectively. 

(Figure 5-13 1 

This slide shows the pressure/time behavior for 
this react ion. Again we see exponential behavior and the 
high values obtained demonstrate that these exotherms indeed 
represent a serious safety hazard. 
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Also, the fact that the lithium-acetronitrile 
reaction can cause cells to reach the initiation 
temperatures of these exothermic react ions is import ant. 
Ihis means that a siqnificant thermal runaway hazard can 
exist for reverse discherge cells containing excess lithium 
even at temperatures near ambient. 

I”ie are now in the process cf conducting similar 
investigations involving resistive o\erdischarqe and 
charging of lithium/sulfur aioxide cells. Following this we 
plan to conduct analytical work to attempt to identifv the 
reactions responsible for the exotherms we’ve detected. 

In conclusion, we believe that the accelerating 
rate calorimeter is a powerful tool for studyino the safetv 
problems associated with lithium electrochemical systems and 
hopefully this technic?lJe can lead tc a solution to some of 
these problems. 

We also wish to thank the Naval Surface Meapons 
Center for suooort of this work. 

Thank YOU. 

LiISt Any questions on this paper? 

HAMAN (DuraceJl): Can you explain to me about the 
SOZ to cathode ratio? You showed that. How uia YOU arrive 
at the capacity of the cathode? 

EBNER: For this purpose WF used a nominal 
value of I .44 amp/hours per gram of carbon as a baseline 
value. That's approximately the limiting value obtained at 
low current densities. 

RAMAN: Okay. I asked because it could vary 
with the kind of process you use. 

EtiNER: Yes, it could. But. this is based on our 
technology at the present time, and essentiallv that’s the 
limiting value for our present cathode. 

HAMAN: lhank you. 

CHODUSH (Power Conversion) : On one table you 
indicated the ratios of SO2 to lithium and aescribed them 
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as safe limits. If my notes are correct it was 25 milliarams 
of S02, to I milligram of lithium, ano in another column there 
was a ratio of I .7 to 2 for stability. lf YOIJ cou Id expound 
on those areas I’d appreciate it. 

EL3!\I E;i : The first value thet I referred to was the 
milliqrams of sulfur aioxiae per square centimeter of 
lithium and the second was the SO2/Li ratio. These are both 
intenaed to represent the balance between sulfur dioxiae 
and the lithium metal present. 

There’s a certain threshold of sulfur dioxide 
concentration that’s required to inhibit or prevent the 
lithium-acetronitril reaction. And khat we’re tryino to do 
i:ere is teke this information ano see if we could identify a 
pareme-ter that would indicate whether or not this reaction 
r~oula occur, to see if we coulo identify a threshola 
concentration level. 

IntlJitively, the weight of sulfur aioxiae per unit 
area woulu be the more reliable incitator. And there’s been 
SO!JE references in the literature thet e minimum value of 10 
mi 11 ioranrs of sulfur cioxioe per souere centimeter of 
lithium is requireo to prevent the lithium-acetronitrile 
reaction. 

Our results indicate that this indicator is 
somewhat rate-cependent, however, enc that values as high as 
25 milligrams of SS2 per scuare centimeter of lithium were 
not sufficient to prevent the reaction. 

Now the other indicator thet we used was the 
sulfur dioxide/lithium ratio, and this is the eouivalent of 
sulfur aioxioe oer equivalent of lithium. This compares the 
actual quantities or concentrations cf %he two components. 
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ADVANTAGES OF THE ACCELERATING RATE CALORI~T'hl 

. TESTS CONDUCTED UNDER ADIABATIC CONDlTlONS SO THAT THE 

RATE OF SELF-HEATING CAN BE DETERHIRED. 

8 INSTRMNT RUGGED ENOUGH TO WITHSTAND EXPLOSIONS. 

. PRESSURE DATA CAW BE OBTAINED. 

. LARGE SAJIPLE SIZES CAN BE EMPLOYED. 

. GAS SMIPLES CAN BE COLLECTED DURING EXPERIMENT 

Figure 3-1 Figure 3-2 

BEHAVIOR OF A TYPICAL TRERML RUNAWAY EACTIOR :-.., ... 
'.. 

: -‘.. 
THEWL DECOROSlTlON OF 
DI (TERT-BUTYL) PEROXIDE 

'.. 

'.. 

’ -.s.- 
: 
2 0 ‘. 

f 
-I.“- 

: 
: 

h 
1 --I.sa- 
.z ‘... 

BEHAVIOR OF A TYPICAL THEMAL RUNAHAY REACTloll 

a1- 
THEFML DECOROSITlON OF DI (TERT-BUTIL) PEROXIDE 

l la1 - ’ 

I 
I 
e ICI- 
E 

/ / 
c . ..‘. 

,/ 

Ial - . 
. . ..’ 

. . 
. 

111 - 

ARC h/SO2 CELL DESCRIPTION 

. ELECTRODE CONFIGURATION: REVERSE URPP 

. ELECTRODE AREA: APPROX. 70 u? 

. CAPACITY! APPROX. 1.4 AH 

I ELECTROLYTE SOLUTION: 6.40 h'EIGHT PERCENT LIBR 

25.6 HEIGHT PERCENT AN 

68.0 HEIGHT PERCENT SO2 

a ANODE COLLECTOR: NICKEL EXPANDED RTAL GRID 

Figure 3-3 Figure 3-4 
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DESIGN 
No, 

I 

II 

ARC L1/S02 CELL DESIGNS 

Lx/S02 soz/c LI/C 
RATIO RATIO RATIO DESIGR DESCRIPTIOR 

0.5 1.25 0.625 LITHIUM LIMITED 

1.0 1825 1,25 COULOMBICALLY BALANCED (BASELINE) 

III 1,o 0.5 0.5 EXCESS CARBON 

IV 1.5 1.25 1.875 EXCESS LITHIUM 

Figure 3-6 

CELL STATUS AT END OF DISCHARGE VS DETECTED 

EXOTHERMS DURING VOLTAGE REVERSAL 

CELL 
CURRENT 
DENSITY, SO2/L1 AREA, REVERSE 

CONNECTION TO 
CALORIKTER AND 
PRESSUR TRANSDUCER 

RETAINING BOLTS 

316 STAINLESS STEEL 
HOUSING (NEGATIVE 

ARC L1/S02 CELL HARDWARE 

Figure 3-5 

tELL MA/CM2 s!$LLL "c,cn2 

LITHIUM LIMITED 1,o 11.3 31,3 
COULONBICALLY BALANCED 1.0 3.0 13,8 
EXCESS CARBON 1.0 2.0 17.4 
EXCESS LITHIUM 1.0 on19 6.44 

LITHIUM LIMITED 5.0 7.0 41.5 No 

COULONBICALLY BALANCED 5.0 1.1 23.0 YES 

EXCESS CARBON 5.0 1.7 25.5 YES 

EXCESS LITHIUM 5,o 0.44 2502 YES 

No 

No 

No 

YES 

INITIAL 

TEMP. 

40.5 

45.7 
77.3 
44.0 

Figure 3-7 
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THERMAL BEHAVlOR OF R3ERSE EXOT'HEM 

CELL NO. IV-1 

111 - 
1CI - 
111 - 

1LI - 
ULl - 
ia, - 
a, - 
.I - 

a, - 
a, - 
PI - 

....... -.-- _/-a Fr.dlct.d . ..po ... .......... Ior Lmo. “V cc11 

L 

//’ 

_ _.._..../.... ...................... Iw.ll”nt.* tit. 

Time. minutr, 

Figure 3-8 

PRESSURE BEHAVIOR OF REMRSE EXOTHERh 

THEFYAL BEHAVIOR OF ELEVATED TEflPERATUAE EXOTHERM 

CELL NO. IV-I 

Tl”. li”“I.. 

Figure 3-10 
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THEMAL BEHAVIOR OF ELEVATED TEf+EPATUE EXOTHE@s 

.* 

I 

CELL NO. IV-l 

SWMRY OF M4JOR ELEVATED TEAERATURE EXOTHEPJS 

ADIABATIC ACTIVATlDll 
EXOTHEM INITIAL FINAL TENPERATURE REACTION ENERGY 

NO. TERERATURE,OC TEIPERATURE,'? RISE,% ORDER KCAL/MOLE ~-~ 

1 138 163 25 1 54 

2’ 163 200 37 1 36 

l THE DATA INDICATE THAT THIS MY ACTUALLY BE TWO REACTIONS. 

Figure 3-12 
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CELL NO IV-1 

ELI r 
PI - 
7a.I - 
2lEE - 
11E- 

{ ,.a- 
. IL,- 

; Ial - 

;: 
1.1 - 
11, - 
IL, - . . . . . ..’ 

,,,.... 

la, ..,......... . . 

,a, - 
lIEI - 

Figure 3-13 

43 



. 



ALTERNATE SEAL CONFIGURATION FOk LI-iH:UM PRIkARk CELLS 

J. Kelley 

Honeywell 

At this time I would like to acknowledae that the 
work done to prepare for this paper r’as done under contract 
to Senuia Laboratories and express our appreciation for 
their continued support of the lithium sulfur dioxde system. 

(Figure 4-l 1 

A problem was found in hermetically sealed 
lithium/sulfur dioxide cells in relationship to the 
glass-to-metal seals that are commonlv used. This problem 
consisted of a degradation of the gloss when it was exposeU 
to 160 degrees Fahrenheit storaqye for anv length of time. 

lhe glass degradation mechanism was attributed to 
lithium reacting with glass which was a result of deposition 
of lithium at the glass/metal/electrclyte interface. 

lhe worst degradation was cbserved when cells were 
storec in the inverted position. This degradation nau two 
inherent failure mooesi one being the aeposition of lithium 
on the glass which made the glass conductive and applieo a 
parasitic load between the positive terclinal pin and the 
negative case which eventually led to self-discharge. 

The seconu failure moue was weakened olass aue to 
chemical reaction which let to embrittlement and stress 
cracking. Cvhere this happened the seal integrity was lost 
eno you had le;kage of electrolyte. 

(iigure 4-2) 

In defini;lg the problem, alternate sealing methoas 
were 3ookea into and one that seemea to have good 
possibilities was a modified Ziegler seal. This consists of 
a crJmp tvpe soft seal using a plastic annulus and a metal 
tube. This seal could be effected with a variety of 
materials which meant, through careful selection, that all 
the seal materials co\lld be picked in such A wav as to be 
chemically and electrochemically stable in the system. 
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Other advantages of the Ziegler seal were the 
ability to use an elItire aluminum positive connection and 
eliminate tantalum from the design. Tantalum was used due 
to the diverse coefficients of thermal expansion between 
aluminum and most glasses. Tantalum had experienced 
corrosion problems in hiah temperature storage, which were 
usually linked with electrolyte ciegredat ion or 
cecomposition. 

The literature had shown that Ziegler seals were 
made that had comparable leak rates to standard glass to 
mete1 seals and were potentially able to survive harsher 
environments s’-Ich as shock and vibration and temperature 
cycling. Ano combinea with the mechanical simplicitv of the 
seal end the environmental survivability, these seals could 
be made cost effective. 

(Figure 4-3) 

This is a simplified cross section of a Ziegler 
seal. It illustrates the basic principle of the seal as a 
long leakage patn with a very small cross sectional area 
that is crimpec using multiple crimps. 

In our particular design WE haa a 304 stainless 
header End a standara 304 stainless tube which is laser 
welued at this point to the header. And we had aluminum 
viire with a plastic coating. Our plestic coating was a 
continuous coating on the length. 

In our design we had usec iive individual crimps 
with a quarter of an inch seoaration between crimps, and the 
reduction in diameter aue to the crimping was abOlJt 
ten-thousandths of an inch. These seals, when thev were 
tested using a leak tester, showed leakage rates that met 
the requirements commonly used for glass metal seals. 

Having*established the feasibility of the seal 
itself, incorporation into the lithium/sulfur dioxide system 
was begun, the first task being to find plastic materials 
that were compatible electrochemicallv and chemically to the 
system. l’he two that were chosen were Halar, which is a 
copolymer of ethylene, trifluoroethylene, and Tefzel, which 
is ethylene-tetrafluoroethylene. 

To establish electrochemical compatibility the 

46 



method of Jantz was used, and this method involves a .04 
percent lithium amalgam and the sample is 50 percent 
immersed for seven days at room temperature. 

Prior to actually building ce.Jls with these seals, 
dummy Ziegler Halar D cells were .built. These contained 
electrolyte and some scavanger lithium. They were thermallv 
cycled at 15 degrees Fahrenheit to 130 degrees Fahrenheit 
for four hours at each extreme. 

These tests proved that there was hermeticity in 
the design and to date there has been no weight loss or 
visual evidence of leakage, and they’ve been on test for 
five months. he felt at this time there is justification to 
build 140 Ziegler Halar sealed cells, and they were 
basically of a D configuration. 

(Figure 4-4) 

The basic design for the ccl1 was a D diameter 
,:ellyroll wrap with a shortened length. The Zieoler seal 
was inserted down the center of the rrap and a positive 
connection was made to the aluminum v.ire at the bottom of 
the wrap, the negative connection to the case. 

(Figure 4-5) 

These cells were then filled and were put through 
e text matrix. 

(Figure 4-6) 

This was the feasibility text matrix for the 
Ziegler Halar seals. This was to determine the effect of 
storage on cells. 

lhe storage plan consisted of taking baseline 
cells and discharging tnem at 6.25 ohms at room temperature, 
taking two other sets of cells, putting them on storage at 
thermal cycling each for four hours - 15 degrees Fahrenheit 
and 130 degrees Fahrenheit, and taking these cells off test 
at one and three months to determine the effects on 
capacity. 

The second set of tests run were to determine the 
effects of mechanical and electrical abuse. These tests 
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consisted of a short circuit test, a forced discharge to 200 
percent of initial capacity, a drop test which is a I.0009 
shock in the horizontal and vertical axis, and a vibration 
test which was defined bv WI-E-7052, which is the standard 
transportation shock and vibration requirement for 
lithium/sulfur dioxide cells. 

(iiaure 4-7) 

‘This shows the results of the storage test. The 
baseline cell delivered approximately 7.9 amoere-hours and 
after t,nree months cyclic storage the capacitv loss was 
approximately .3 ampere-hours. 

(F iaure 4-E 1 

‘This slide ana the nert one show typical discharqe 
c!Jrves * volteqe versus tine. ?his i-c for a fresh cell. 

(Fiqure 4-Y) 

;\nd this is for z cell that h2.c; been stored for 
three r;;onths, or 93 days. As ~01~ car see, the curves are 
ouite similar, the only difference bein a slight decrease 
in cepacity on the stored cells. 

(Fi9ure 4-10) 

i)urino abuse testing, there were actually no 
unexpected problems from short-circuitino the cells. Cell 
teak currents were approximately 50 emperes, and the safetv 
rkechanism, which is a coined slot vent at the bottom of the 
cell case, functioned as it normally does in our 

glass-to-metal seal cells. 

In cell reversal, cells were driven into reversal 
up to 200 percent of their initial cepacity, and there were 
no pfoblems. There was no ventinc) cf the cells, and no 
evidence of leskege, either frorr, visual inspection or weight 
loss. 

The drop test ant vibration test had no effect on 
seal integrity. It also haa no effect on the performance of 
the cells. 

(Firlure 4-1 I) 
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In conclusion, we feel that the feasibility of a 
Ziegler seal in the lithium/sulfur dioxioe svstem has been 
demonstrated. The hermeticity was mcintainea unuer both 
thermal cycling conaitions ana continuous exposure to 160 
oegrees F. lhe cell is easily adapted to using only 
chemically and electrochemically inert materials SlJCh as 
Halar and Tef zel. 

lhe abuse testing showed that even in the 
unoptimized configuration, these cells were able to 
withstand standard ebuse for lithium/sulfur dioxide cells 
and the key advantaqe of the Ziegler seal is that it can be 
optimized and it can be adapted to other .lithium systems 

The areas where this can be done are component 
materials. These meteri als can be pjcked to be compatible 
V:itt: other electrochemistries, and the mechanical properties 
of the ma%erials can be optimized to make cells that have 
better seal integrity. 

The st,rlJctural intearitv ten be optimized by doino 
more enalvtical work on the natural crimpinq patterns and 
the size of crimp. 

Reproducibility of the Ziegler seal is quite 
qood. It's a very simple oesign. I-he integration into the 
ceil is easy. Such things as using the Ziegler seal as a 
mandrel for the Jellyroll wrap and other things will be 
investigatea. 

And the cell, since it uses standard components, 
will be very cost-effective while still being rugged and 
reliable. Continued development of these seals should yield 
en effective alternative to the glass-metal seals. 

HENNIGAN (bedford Engineering): Hhen do you make 
that laser weld in there? Is the plastic assemble0 in a 
tube or do you-- 

KELLEY: NO, it’s previous to that. 

HENN IGAN : Okay. 

KELLEY: The sleeve and heeder are welded 
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together, then the wire is inserted. 

HENNIGAN: Ww. Thanks a lot. 

WATSON (SAFT): hould you care to proJect on the 
estimated cost of producing this seal as compared to the 
glass seal in a large Quantity purchese? 

KELLEY: 1 really couldn’t qive you exact numbers. 

WATSON; Do you think it would be more expensive 
or less? 

KELLEY: No, it would be lfss expensive. 

WATSON; Thank YOU. 

ALLVEY (SAFT)z On your temperature cycling, can 
you give an indication of the period over which the 
temperature changed? You went from, say, 15 to 130 in what 
sort of time? 

KELLEY: I t’s approximately 20 minutes. 

THOMAS (RAY-0-VAC) : You heve usea the term 
llcrimpJ’ but I/m not sure. 90 you meEn a crimp in the sense 
that you nip the tube between two counterposed jaws, or did 
you -- 

KE LLEY: \res, we actually-- 

THOMAS: -- reduce the diameter of the tube? 

KELLEY: IOU reduce the diEmeter of the tube. 

IHOMAS: I see. In other v$ords it is more of 
a swqinq inward of the material. 

KELLEY: ‘I es. 

1 HOMAS: Thank YOU. 

C3TZINGER (Rockwell): I notice you are usina an 
aluminum lead then UP through that -- 

KE LLEY g \res, an aluminum rire. 

50 



OTZINGER: That's kind of nastv to connect to 
that. Are you qoing to continue doinq it that way or are 
there other metals that might be a little easier for us to 
attach to? You know, we can't solder to aluminum. 

KELLEY: kes, 1 know. 

OTZINGER: Cje're qoinq to have to come up with 
some kind of a special crimp. 

VOlCE: It's not worse than tantalum. 

KELLEYZ Ihat's not good, either. 

PELDHAKE (RAY-0-VAC): You showed a iI sized cell 
there. 

KELLEY: \res. 

FELDIIAKE: How lonq was the Lieqler seal? How far 
cid it qo into the cell? 

KELLEY: I t’s aoproximatel) two incnes. 

t;ELDHAKE: tieally. 

JACID (Power Conversion): You ment ionea 
hermeticity but you said it was apprcachinq some value. 
CCILJ~G you tell us what that valrle is? 

2 x 10-8 
KELLEY: lhe stanaard for class-metal seals is 

cc per second of helium and we test all our 
glass-metal seals at this, and we tested these seals. 
And unless it has a better leakaae rate than that, they are 
not acceptable. 

JAGIDt I see. How ooes that compare wit 
dioxide instead of helium at elevatec temperatures2 

h SlJlfLJr 

KELLEY: Sulfur oioxide would be a larqer 
and would be less permeable in the plastic material 
would be a lower leakaae rate. 

molecule 
so it 
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LSIGN APPROACH 

e PRIOR WORK IN SEAL OESlGN SUGGESTED A HODIFIED ZIEGLER 
SEAL AS AN ALTERNATIVE TO GLASS-TO-METAL SEALS. 

. SEAL couu, BE EFFECTED UTILIZING P(ATERIALS CKEUICALLY AHO 
ELECTROCHEMICALLY COMPATIBLE WITH THE LI/sQz SYSTE”, 

. Cuss SEAL USED IN STD. LI/SQ CELLS DEGRADED DURlNG 
HIGH TEMPERATURE STORAGE 8 (160 F) 

. GLASS DEGRADATION WECHANIW ATTRIBUTED TO LI REACTlON 
WITH GLASS RESULTING FROM DEPOSITION OF LI AT GLASS/ 
METAL/ELECTROLYTE INTERFACE, 

. WORST DEGRADATION WAS OSSERYEO ““EN CELLS WERE IN 
INVERTED POSITION. 

. FAILURE &JOES: 

- RENDERED GLASS CONDUCTIVE, LEADING TO SELF-DISCHARGE OF 
CELLS. 

OR 

- HEAKENED Guss, LEADING TO STRESS CRACKING AND 
SUBSEPUENT LEAKAGE OF so2 

Figure 4-l 

e ELIMINATION OF TANTALUM/ALUMINUU CONNECTION AND THUS THE 
?OTENTlAL TANTALUM CORROSlON OCCASIONALLY IN EVIDENCE IN CELLS 
STORED AT ELEVATED TEMPERATURES. 

. HERUETICITV COMPARABLE TO STD. GLASS-TO-METAL SEALS. 

e OPTIMIZATION POTENTIAL IN THE AREAS OF EVIRONMENTAL SURVIVABILITY 
AND PRODUCIBILITY WHICH WOULD YIELD A RELIABLE, COST EFFEcTlVE 
SEAL CAPABLE OF HEETlNG DEMANDING REPUIREHENTS. 

l ~~HENRY E, J. AND HUBBAUER, HERMETIC COMPRESSION SEALS FOR 
ALKALINE BATTERIES, J. ELECTR~CHEM. Sm.: ELECTROCHEMICAL SCIENCE 
AND TECHNOLOGY, VOL. 119, No. 5, 567-568, NAY 1972. 

Figure 4-2 

ZIEGLER SEAL CELLS 

. INVESTIGATED C~IEHICAL ANO ELECTROCHEMICAL COMPATIBILITY OF 
TWO HALOCARBON PLASTICS, BOTH DEMONSTRATED CO,,PAT,B,LITY. 

HALAR (ECTFE) 
TEFZEL KTFE) 

- METHOD OF JANTZ- WAS USED TO TEST THE RESISTANCE OF BOTH 
PLASTICS TO ELECTROCHEMlCAL REDUCTION. 

PLASTICS HERE 50% IMMERSED IN 0,042 LI AMALGAM FOR 
7 DAYS AT ROO” TEMP. 

l PRIOR TO ACTUAL CELL BUILDS, “DUMMY” ZIEGLERIHALAR ‘3” CELLS 
(CONTAINED ONLY ELECTROLYTE AND LITHIUM) HERE THERMALLY CYCLED - 
+lS°F (4 HOURS) AND +130°F (0 HOURS) - FOR HERHETICITY. To DATE, 
NO HEIGHT LOSS WAS OBSERVED AFTER 5 MONTHS OF THERMAL CYCLING. 

s A TOTAL OF 140 ZIEGLER/HALAR CELLS WERE Bu!LT FOR PERFORMANCE 
EVALUATlONS ,NCLUDlNG STORAGE AND ABUSE TESTS. 

l JANTZ, J. ET AL., QUANTITATIVE EXPLANATION OF THE MECHANISM OF 
CORROSION OF POLY (TETRAFLLIOROETHYLENE) CAUSED BY ACTIVE ALKALI 
METALS, JOURNAL OF APPLIED POLYMER SCIENCE, 19, 3’201-3210, 1975. 

Figure 4-3 Figure 4-4 
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Figure 4-5 

TEST PUN FOR ZIEGLEFYHALAR CELLS 
DISCHARGE RESULTS OF ZIEGLEWHALAR L1lS02 'D' CELLS 

FRESH AND AFTER VARIED Sronrcr Con~~r~owr 

123 BAaFLlHE 0 2.79 17.7 
131 1 1 2.79 17.8 
134 2.78 17.5 
138 2.79 17.6 
151 2.78 17.7 
AVG. 

- 
Am, T;i;j 
H-74 CvCLIC/ON 2.76 16.86 
H-78 I 

9 i 
2.75 16.85 

H-80 2.78 17.57 
H-33 2.70 17.37 - 
AV6. ri7 

2; 
::: 
7.9 
7.9 

7,45 
7.91 
7.82 
7.73 
Eii 

Figure 4-6 Figure 4-7 

I I 
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CONCLUSION 

ABUSE TEST RESULTS 
o FEASIBILITY OF ZIEGLER SEALS IN THE LI/SO~ SYSTEM HAS 

BEEN DEMONSTRATED - A VIABLE ALTERNATE SEAL FOR THE 

# SHORT CIRCUIT - CELL VENTING MECHANISM FUNCTIONED AS IN 
Ll/Soz SYSTEM. 

CONVENTIONAL CELL WITH GLASS-TO-METAL SEAL. 
# CELL HERNETICITY IS MAINTAINED UNDER BOTH THERMAL CYCLlNG 

CONDITIONS AND CONTINUOUS EXPOSURE TO +lEO°F. 

o CELL REVERSAL - RESULTS COMPARABLE TO CONVENTIONAL CELL 
0 CELL IS EASILY ADAPTED TO USING ONLY CHEMICALLY AND 

WITH GLASS-TO-HETAL SEAL. 
ELECTROCHEMICALLY INERT MATERIALS, 

# f@.USE TEST RESULTS SHOW COMPARABLE RESULTS TO CELLS 

m DROP TEST - No DEGRADATION OF SEAL INTEGRITY 
UTILIZING GLASS-TO-METAL SEALS, 

a THE MECHANICAL SIMPLICITY OF THE ZIEGLER SEAL LENDS ITSELF 

a VIBRATION - No DEGRADATION OF SEAL INTEGRITY, 
TO OPTIMlZATlON AND ADAPTATION TO OTHER LITHIUM SYSTEMS, 

Figure 4-10 

- COMPONENT MATERIALS 
- STRUCTURAL INTEGRITY 
- PRODUCIBILITY 
- INTEGRATION INTO CELL 
- COST EFFECTJVITY 

m CONTINUED DEVELOPMENT WOULD YIELD A RELIABLE, COST 
EFFECTIVE ALTERNATIVE FOR GLASS-TO-METAL SEALS. 

Figure 4-11 
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RECENT TEST RESULTS ON LIThIUM BCX CELLS 

B. bragg 

.JSC 

At JSC we’ve been testing some Electrochem lithium 
BCX cells lately. Vi.e tested both the AA and D cell 
configurations. I’d like to descr.ibe the kind of tests we 
ran, consisting of hazards, off-limits type tests. We did 
some performance tests; we also did ,come assembly 
qualification tests with the cells or batteries installed in 
equipment. 

(Figure 5-l 1 

1he purpose we are pushing in the work we’re doing 
now is to attempt to take essentially available cells from 
various manufacturers and attempt to certify those cells to 
an envelope of requirements --hopefully a rather parametric 
set of requirements--trying to stay rhead of some of the 
users we have at JSC. 

We’ve been simply bombaroecl with applications of 
various instrumentation, orimarily fcr small cell 
applications: instrumentation, crew equipment, radios, 
flashlights, you name it. And our intent here is to 
generate a family of cell sizes that we can certify to a set 
of requirements that future users will be able to ac?pt to 
with very minimal delta testing reouired. 

The problem in staying aheed of these users 
is that we’re trying to uphold the various reallirements that 
come to light and make sure our parameters are selected such 
that we meet the majority of those people’s needs. 

vVhat has been happening to us on these particular 
cells is that the users are coming up with the hara 
requirements before we can give them this very nice 
generalized cell to meet a31 future requirements. So we’re 
training our users riqht now is what it Emounts to. Ana our 
intent is to prove to ourself or disprove to ourself that we 
can or cannot use existing cell technology. 

(Figure 5-2) 
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lhe kinds of tests that we’re doing include 
hazards/off-limits tests. Each of these tests we run, we ao 
an acceptance test that I’ve described here on each cell. 
We do a visual: we’re looking for anything you can see with 
visual examination -- sort of a receipt-and-inspection type 
test. We measure dimensions, we measure the weight on both 
the AA’s and the D cell. These X’s indicate a repeat of a 
reauirement that is on the left there. 

We perform a temperature screen: that’s simply 
taking a cell to various temperature levels and looking for 
leakage. We also look for bulging under these conditions. 

On the AA’s, you see, we have tested to 125’F for 
two hours for the cells that we would intend to fly 
eventually. We take the D cells to 200 deorpes for two 
hours, looking for leakage, looking for bulging. 

The length measurements I made both before and 
after the temperature screen. 

he look for an OCV, as indicated nere on the 
cells. We look for a load voltage check. Both these tests 
are six-minute maximum duration tests. The AA, we’re 
looking at a 30-ohm load and the D, e three-ohm loaa; both 
cells should give us at least three Lolts at that six-minrJte 
point. 

On reversal, we’re looking at voltage reversal. 
ihis is the overdischarge condition. For our AA test, we 
tested at 65 and 125 milliamps. Under the D, we testes at 
those three rates: one, 1.5 and three amps under room 
temperature, minus 20 degree F envircnments, 120 degree F 
environments in both Argon and in a vacuum environment. 

We exposed the AA’s to a maximum of 300 degrees F 
to see if they would vent et that point. The D’s, we went 
ahead and heated until they did vent and recorded those 
temperatures. We did that on both fresh and discharged 
cells. 

In load sharing, what we were looking for there 
was to see if there’s any chance at ~11 of getting by 
without diodes under parallel load configurations. 

My feeling is that we woulo not flv cells Without 
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that diode protection. But .we were primarily looking for 
the amount of charging or reverse current that we might oet 
through the cell when you hooked up a discharged cell and a 
fresh cell in parallel. 

On the AA’s, what we actua!ly did was hook up 
four-cell packs: one discharged four-cell pack and one 
fresh four-cell pack in parallel on e lob-ohm load. The D’s 
were run with three cells in parallel. 

And essentially a31 of these conditions were 
pretty well prescribed hv several applications that were 
in-hand at the time and that we were trying to spread our 
data to meet the requirements. 

(Figure 5-3) 

cinder performance, we did capacity tests. On the 
PA, we looked at a couple of rates: 25 ma and 65 ma 
at those three temperatures we indiczteo. Cn the D’s, we 
had three rates and four temperatures. 

The room temperature indication should be 25 
oegrees F under the D. 25 degrees F, minus 40, YO and 160. 

Those rates pretty well correspond to a range of 
rates we were looking for: that is, about a half an amp, 
one amp, one and a half amps. 

We subJected the cells at the cell level, 
hard-mounted ce33.s. to shock and vibration testst 
for 11 millisecond rise on both. 

20 g peak 

We also conducted a random vibration test. Gn ly 
the maximum level do I give YO~J here, and that is the 0.1 
g souared per hertz: I guess the integrated energy is 
9.625 G(RMS). 

On assembly tests, a couol~ of the aonlications 
have run through their qualification testing, and those 
rates on D./s, at least, consisted of approximately one amp 
and one and a half amps at a number of temperature extremes. 

(Figure 5-41 

Some results on the D cells under short-circuit 
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conaitions. We tested a total of about 36 cells in various 
configurations. I guess I should point out first that all 
of our tests, in order to establish some sort of a worst-case 
base position, attempted to insulate the cells and run them 
under the short-circuit conditions. 

Once we established what our thinking was, once we 
established the maximum temperature you could get to with no 
heat rejection or no heat conduction out of the cell, we 
coula back off from there in our designs to accommodate 
whatever heat rejection was required. 

It turns out that a ceramic holder -- it’s a 
ceramic foam holder, it’s a fairly lightweight ceramic -- 
does have heat capacity. And the beet capacity that 
that holder did have was sufficient in all those tests to 
keep the cells down below this 300-degree maximum in the 
range that I indicate there: 163 to 290 degrees F. I 
inaicate that we did not get any vent.ing under those 
conditions. 

I have a footnote that we did oet some venting: 
however, what we found is that in oroer to try to aet as low 
an impedance as we could on that particular test, we wound 
up with a clamped sort of an arrangement and, in doina so, 
as the temperature ident up in the ce!.l and the cell 
attempted to bulge or mo.ve, we were imposing some axial 
stresses on the pin that’s in the gloss seal. And 
subsequently, we repeated those tests without that feature 
in our holder, by going to this Fiberfrax insulation 
material-- and subseauently got no vents at those lower 
temperatures. 

Let me comment on the current very briefly. The 
current at approximately the minimum resistance we 
could put on the circuit, which was EbOtJt 15 milliohms, 
turned out to give us upward of 20 amps. At greater than 20 
amps. we wound up just opening up the cell internally. 

We would fail a tab-to-pin connection is what it 
amounted to and the short went away end, thus, we aidn’t 
maximize our potential hazard. We thus had to cut back on 
the current, i.e., increase the resistance, cut back on the 
rate at which the cells were discharcing so as to maintain 
that current for as long as the cell-would deliver it to 
maximize the temperature effect that we were seeing. 
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The Fibrefax insulation and the increased 
resistance did that; almost too successfully, 1 might add. 

In Fibrefax, it turned out to be a very good 
insulator. We essentially let no heat es.cape from the cell. 
The cell definitely has sufficient energy, if you don’t let 
any heat out of it, to vent -- I call it vent, it vents, all 
the way to explodes. Okay? 

We did a test in vacuum on some eight cells: the 
first five were mounted directly on a piece of angle iron 
connected to the cove.r of the chamber. Just that two-line 
conduction to that piece of angle iron wes sufficient heat 
removal, apparently, so that that cell didn’t get above 300 
degrees. 203 .to 286 degrees was the maximum temperature we 
saw in that condition. 

We subsequently repeated those tests with a piece 
of insulating material underneath the cell to isolate it 
conductively from t:le angle iron and exceeded 300 deqrces 
and thus vented. 

I might mention those last two lines: Those e iaht 
cells were conducted in a temperature environment of 120 and 
160 degrees F. 

(Figure 5-5) 

The reversal test, the overdischarge test. We 
usea 47 cells in the course of these tests. For the most 
part, they were performed in various holders as indicated 
here. They were performed on three cells in series. 0 e 
connected a power supply to the cells in series. We fo[lnd 
we had to start out with a purely resistive load anu then 
switch over to a power supply contro3linq crlrrent: else we 
weren’t seeing the effect of the voltage delivery. the 
initial voltage delivery capability cf the cell if we just ’ 
connected it immediately to the power supply. 

In the ceramic holder, again we had to take the 
cells all the way up to a three amp reversal test before we 
got over 300 degrees, again due to the heat capacity of that 
ceramic holder. 

But in Fibrefax, we got ventino in every case. 
lhe bulk of that heat, however, we were generating 
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apparently during the course of the cischarge, which you 
woula expect. These are relatively high rates for a D cell. 

And the last line indicates to you the point at 
which the cell went to zero volts. 50 those temperatures we 
were achieving were getting pretty close to the 300-degree 
level. just on the basis of the discharge. 

(Figure 5-6) 

We exposed 1% cells to heat-to-vent testing. All 
of them achieved approximately 300 degree or areater before 
they did vent. We did this test on both discharged cells 
and fresh cells to observe the effect. 

(Figure 3-7) 

We took some 75 D cells through capacity tests: 
four temperatures, three rates. We were testing about five 
cells per rate, that comes out to aborlt 60 ~911s. rVe threw 
in an extra 15 cells on a constant current to ascertain la/hat 
kind of resistances to use. 

Again the rates are high erough such that we were 
oetting a fairlv wide spread in our capacity, particularlv 
et the lower temperatures. It indicates that we could not 
expect to use the cell at these rates in conjunction with 
that very low temperature: we don’t cet e usable capacity 
that’s worthwhile. 

I don’t have specific cata to indicate it but I 
feel that at lower rates we would get fairly good 
performance, even at these lower temperatures. The parallel 
load sharing gave us the results we pretty mucn expected. 

Only in the case of two fresh cells with one 
discharged cell, all those in parallel on a two-ohm loz!d, 
aid we get any reversal at all, and it WES like two milliamp 
reversal current. When I’m saving reversal. here, I meen 
charging current. 

lhe fresh cells, of course, supplied the loed. 
I’he aischarqed cell had been discherqed down to about a two- 
volt end voltaae, SJ it wasn’t a totally dead cell. It 
woulo put out a verv low level current in parallel on a 
sharing basis with the fresh cells. 
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And we saw no abnormal temperature rise nor 
kentins in the course of that test. 

(Figure 5-8.) 

Going to our AA’s, we tested approximately 50 
cells. We were aiming this particular test -- In fact, it 
has a qual. test per se: we didn’t hcve time to do a nice 
batch of engineering evaluation tests ana to turn around and 
set forth a flual* criteria: I had to make those up ahead of 
time. I thought I put in plenty of rrarqin. 

We had a much smaller cell: we had all the D cell 
experience in the backaround. Much less eneroy. we had 
some data from our vendor that indicated that he could 
insulate cells, short-circuit them and not q?t venting. Arid 
in that case, the energy content of the cell was not 
sufficient to give you venting under total dissipation of 
its energy inside an insulated packare. 

However, we didn’t have any problem with the 
short-circuit tests. r’;e didn’t insulate the cells for our 
short-circuit tests, we put them in ? non-convective 
atmosphere. Masically. we peaked up to about five amps on 
a S6-milliohm short. Kow tnat’s wit/- four cells in series. 
Cue reached a maximum temoerature of about 205 oegrees in 
tnat condition. 

On reversal, however, we ran into Troblems. h e 
testeo three four-cell packs. 1.~0 of those sacks tiere 
testeu at 125 mill iamps, (de aischerqeo the cell ?t some 
lower rate and then, upon reachinq zero, pushed the cells 
into reversal at this 125 rra with poser sunply. Aa also diu 
that same kind of test at 65 ma. 

The 125-ma test gave us twc ventinc;s: one of 
those occurred by a hole being burnec in the ce!l can. 

The problem we have with tPat, the concern it 
causes us is that the cell was chucoing eloncr at about 100 
degrees F or so and it was in rever?Eli it was apnroximately 
minus-O.4 volts in reversal and had cnly been in reversal 
for two or three hours or so. It experienced a thermal 
event of some sort with resulting venting. 

In other words, unlike the !) cells where we think 
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we have pretty well established a venting incident 
temperature, namely 300 degrees F on the D cell in that 
configuration, this cell was only at 100 degrees and 
experienced a very high temperature event at which the cell 
opened, a hole was burned in it. 

tie also experienced -- on removal of that one cell 
out of that pack and continuing on with three cells left in 
the pack, we experienced a vent through the glass seal. 
tiowever, we had to push the power supply r~,p to, like, 
minus 20 volts per cell to get that particular venting, 
which is not at all the realistic condition under a 
four-cell series battery kind of situation. 

Under high temperature expcsure, we have taken 
them to 300 degrees max. Vie got no Lenting. 

Under parallel load sharing with two four-cell 
packs as I described earlier, we saw no abnormal temperature 
rise nor any venting. 

Ne got very minimal load sharino as the fresh pack 
ran down and the dischargea pack was able to pick up some 
amount of current. 

(Sigure 5-9) 

The capacity results on the PA’s -- a fairly 
minimal number of cells were testea here. 

Unaer room temperature, 16C deoree F and minus 40°F, 
three environments [we tested two rates at room ternoeratl.rre) 
for cells in a series string to apprcximete en0 voltage of two 
volts per cell is what the test involved. 

3y projectino those out, we clot an average of ebout 
two amoere-hours, which is the manuf:.cturer’s spec 
essentially at 20 ma at room temperature. However, the 
ranqe of capacities was greater than what we would have 
liked to have seen: they ranged frorr: one and three-nuarters 
to two and a ouarter. 

At higher rates, where we expected to see 
1.6 to 1.75 ampera-hours, qain only 12 cells were tested in 
that mode. We ranged from one ampere-nour to almost two 
ampere-hours, with an average of about 1.53 averaging tne 

62 



entire 12 cells. This is a little more variation than, as I 
say, we would have liked to have seen. 

Very few cells were tested on either the 160 or 
minus 40 degree F modes, and also not very much differences 
in these capacities. The results ycu see there. 

(Figure 5-10) 

To summarize, we have taken D cells through a 
series of tests, both in terms of performance and off-limits 
tests. We’ve described those tests with what becomes, I 
guess, a specification and have an approved certification of 
the D cells. That is for a given envelope of conditions. 
Okay: 

That envelope is described by the report I have 
listed here. lhat certification is at a cell level and a 
user at JSC who wants to use this par%icular cell can use 
that data base then to put the cell into an agplicetion, 
making sure that its application falls within the envelope 
that we’ve established and take his Fackacle, then, as e.n 
assembly with the battery installeo end oerform a ,oual test 
on it and receive approval for flight. this anoroval for 
flight extends to manned applications. in-cabin use. 

On the AA cells, we’re a little bit further aigev 
yet. Pi e are presentlv in the proces: of signing off a 
certification, a limited certificaticn for PA cells for one 
particular application: a SUMS ,;plsjrzztion: that’s Shrlttle 
Upper Atmosphere Spectrometer. / ceted in the front 
wheelwell and is not in the cabin. It’s anproximatelv 2 2i) 
ma rate. 

In our aual testing, we hat to back off of our 
criteria to the extent that we aot tt,is thinq unoer the 
wire. We hope to go ahead and continue to work on this 
particular cell configuration, oossibly modifyin? it, and 
achieve a general certification of it, lnuch as we have with 
the D. 

The applications that I’ve j\Js% listed there, to 
give you a sampling of the kinas of thincs we’re looking et: 
The WCCU is a Wireless Crew Communication Unit. You rnav 
have heard the crewmen complaining -- not the most recent 
mission, but on STS-1 about all the extension cords they had 
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to drag around through the vehicle. 

On this mission they used a wireless communication 
unit strapped to the leg. Only it had alkaline cells in it, 
the old penlight cell. iYe were not Eble to get the lithium 
AA in time to use that. It’s a ten cell alkaline battery: 
about a 15-volt battery. 

v\rhat we do for the lithium configuration is to use 
the same battery case: we use two fcur-cell strings. That’s 
the reason for all the four-cell testing you saw earlier. 

We do hope by ST5-4 to have the AA’s in a 
certification status with additional testino SrJch that we 
can fly that on SIS-4. 

Vie have various other equipment that would use the 
AA, also the D/s. On SIS-3 there is a data recorder that is 
ooinc: to fly usina two D cells. a twc D-cell battery. 

In all these oacka?es, we ray creat attention to 
protective circuitry and diodes, fl~ses, heat sinking, such 
that we feel we can fly these catteries with confidence that 
we can keep those temperatures uown, ~11 under the limits 
that we found at Itrhich they will vent,. 

That concludes the presentation. 

DISCiJSSIO’\I 

KOHNEY (Fairchilz): YOJJ indicated the D cells, as 
you call it, ventec. Do I understand correctly these are 
not design-vented cells anu, if not, where aid they vent? 
Ana also, where aid you measure the temperatrlre on these 
cells: as you indicated the 3W decree, especiallv on the D 
cell, temperature at which they seemed to vent’? 

&AGG: ,:/I y w 0 r d l’ventinol’ describes the minimal, 
the minimal release of the insiaes of the cell possible, ano 
that will range from a simple vent wt,ich is a leakeoe IJ, to 
an explosion. Okay? 

fihen we get cells above the lithium melting 
temperature -- and particularly the L cells; we haven’t 
taken a great number of the AA’s intc tClet kino of a test. 
Eut on the D’S, we’ve taken a goodlv number of them east 
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the lithium melting temperatures, and we get explosions. 

The temperatures are measured on the cell case, on 
the metallic case of the celli both on the end of the cell 
enu on the cylindrical surface. 

KCIHNEY: When the venting cccurred. dia it occur 
at the glass-to-metal seal? 

BHAGGr For instance, in the ceramic foam holaers 
where it was meant to be an insulatec! holder, it turned out 
that it had enough heat capacity, enough heat sinkinq, that 
it was removing heat at some rate frcm the cell. 

None of those cells vented, or the ones tt-1st did, 
we feel were beca!Jse they were compressed and we $ot that 
axial force on that pin. 

But if we ta!te the cell up in temperature at a low 
enouqh rate such that the header, with the glass seal in it, 
starts to brllqe, that alass will ther break or crack and we 
will leak the osseous products or lir\Ji;l I;roC!Jct out of the 
cell. That is the minimum sort of vent that I talk about: 
it will leak, in other words. 

Now if you have a thermal situation SIJCh that your 
heatinc rate just accelerates you on up into the lithium 
melting temperature -- and I don’t know how to tell YOIJ what 
this heating rate would te to get there -- but you cEn qet 
the cell, it will hang in long enough that this thermal 
event or exothermic event takes place and you get the 
rupture, the detonation, you get high temperatures, you get 
melting of the stainless steel, YOU cet holes in that 
throuoh melting. 

Kvhat it ar.peers to do is gc first throuoh the 
seal, it’ll blow the seal out. Hut the subseauent high 
temperature goes ahead and either ruptures the can or burns 
holes in the can. So if you can Get it hot enough, you can 
get into those modes, that’s right. 

tin LLFR mzscf~ : I don’t know whet a t3CX cell is. 
I gather it’s a cell that will fit in your envelope: York 
described vour envelope. 

You obviously tested some cells. What can yorl 
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tell us about what type they were ant what sorts> The only 
clue that I saw in all of these things was there was a 3.59 
open circuit voltage. It would seem to be rather unauly 
high. So what can you tell us, so WE know what these test 
results referred to? 

BRAGG: I’m sorry. I meant to do that at the 
beoinninq of the presentation and 1 Tot carried awav on mv 
certification lecture. 

The cell is a bromine complex. It’s built by 
Electrochem Industries. It’s a mixture of bromine chloride 
and thionyl chloride. That’s what the Bromine complex is. 

All of the cells that we tested in this proorrlm, 
both the PA’s and the D’s, were this particular 
conf icjurat ion. The 3 cells were a cell with lithium on the 
outside and, as I understand, it has lithium excess. The 
AA’s were more of a balanced cell with lithium on the insicle 
of the wrap, with the carbon on the cutside. TIXIS , the can 
on the AA is positive, the c.an on the i) is neoative. 

IiELLrR ITZSCH: And who made them? 

f3i-f AGG: Electrochem Inaustries. 

HELLr‘RII-ZSCH: I see. 

YH AGG: Clarence. New York. 

I-II! LLrR ITZSCH : Thank you. 

KURNEY (Fairchild) : (3n the D cells that you 
tested, these all had the fusible link within the case of 
the battery for the testing? 

BRAGG: This fusible link hasn’t a desioned 
fusible link, it just turned out that. the current carrvina 
capability of the spot welo of the tab to the pin -- there’s 
a tab coming up from both electrodes, one ooino to the 
carbon on the lithium-- on the D cell, the tab cominy from 
the carbon qoes to the oin at the top; on the Lithium., the 
tab goes to the actual can. it’s welded to the can. 

What we feel is that the spot weld to the pin 
fails at about 25 amns, 20-25 amps those spot welds fail. 
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They don’t necessarily totally open up9 but we think that 
enough of them fail such that you can’t carry a 
short-circuit current any longer, all you can carry is 
milliamps. So it becomes a hiqh-impedance connection is 
what it amounts to. 

On future cells built by Electrochem, thev are 
looking, in their termination assembly -- not inside the can 
structure, but on the outside where they meke their 
connection; they are currentlv puttinq in a nicked-down 
version of a tab that, in effect, is a fuse: it Will open 
up* Seven amps, I think, is what thev’re currently using. 
Future procurements wiJ1 probably be made with that fuse 
incorporated in the cell. 

OLBERT (Be 11 Aerospace 1: In the present STS/GAS 
Epplications lithium cells are forbiaden. Does this mean 
that this certification now means thFt lithium cells can be 
used for GAS applications? 

bHAGG: I think your word is meybe a 1 i ttle 
strong, “forbidden.” probably oisccuraaed, I think, is 
probably closer to the wore -- 

ULBEtiT: No 9 it says they Ere forcidaen. 

BRAGG: Gerry. help me out on this: Am I correct 
in GAS are Goddard -- Is that limited to Goddard, the GAS 
packaqes? 

HA LR ERT : I think it’s correct that thev are bein 
maneqed by Goddard 2nd at the present time they’re all 
silver zinc. But as far as I know, me wor~lu do the same 
thinq for silver zinc: that we ~woulc have to slrbmit our 
requests for chanqino that Dower source to Johnson for their 
aoproval. 

So if you had ideas on usira other kinds of pok’er 
sources other than silver zinc, you’re certainlv welcome to 
try that to see if our people there Fill approve them. 

BRAGG: Thev are not forbicden by Johnson. If 
they are -- quote -- forbidden but, ES 1 say, the story I 
got -- the only interaction I’ve had with that issue is 
somebody says that we’re strongly recommenaina tnat they not 
look at lithium. 
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hIS (NSWC): 3ob, on your SE-2 I notice yoi~ have 
a survival radio. Is that the PRC-96? 

t3RAGG: Yes. 

i3IS: And what supply are you using in that? 

BRAGG: That would be two cf the lithium dCX 
cells, D cells. 

E3I.S: Lou’ve never flown the SO2 in it? 

bRAGG: NO, that radio has not flown yet. And I 
think it’s not going to fly until 5, I believe, ST’S;-5. 

METtiLIE (Arlington, Va.1: bob, two questions: 
One, with the cell that burned the hole throtlsh the case, 
would you comment on the location of the hole and whet York 

think might have inauced that hole: And seconcly, what were 
the ages of the cells at the start of the test? 

BRAGG: Essentially any cell that btient past 
lithium meltina temperatures exhikited some of this hic;h 
temperature on the case. 

lhe one ~$11 that vented or: AA -- that may be what 
you’re specificallv referring to, the one I mentioned on the 
P.A -- 1 don’t know what caused that. I think that what may 
have caused it is enough sulfur was formed t5st. when 
lithirlm qot in contact with the SUlfIlrr we clot the 
exothermic event that normally ?ccoi?ranies that reaction. 
Be were not able to tell what happened. 

1Nhat we are looking at on that particular cell is 
a potential reconfiguration of the internal configuration 
of the AA cell. 

At least within the temperature retime that we/r? 
talking about we have not seen this cn the D’s below a 
certain temperature. Okay: 

Ana that’s what really concerned ~1s. the level at 

which we did see it. I wouldn’t have been so surprised to 
see it if we haa been pushinq the ceJ1 UF into the lithium 
melting temperatures. IThen we saw it at a cell temperature 
cr can temperature at least of, like, 100 cecrees I- that 
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concerns me. 

So the difference in configuration betw.een that 
and the D we think may be a gross answer to that question. 
Y\e are going to look at putting the lithium on the outside 
of the wrap for the AA/s and redo some of our tests and see 
what happens. 

but we’ve also seen that hSgh temperature event 
effect on the cans on the B’s when we get into these very high 
temperature levels. 

YETHLIE: Where was the hole? 

BRAGG: On this particular cell, on the A.A cell, 
it was near the bottom, around the end from the bottom. On 
AA cells that we’d gotten in, we had seen some leakaces from 
holes. 

tie feel like what we were ceeina there is a 
problem -- they try to make the cell in a commercial 
conf iuuration wit5 the little b!Jttcn, positive ‘out.ton. And 
since-the can is oositive, that b:Jttcn ?~d to be swayed into 
the ten itself. ‘There’s thinninq at the corners of that, 
little swaaed brJtton. 

Out of 500 cel.ls, we got sjx in that leaked, and 
we think that it resulted in very thin cracks that allowsd 
access of moisture and the reaction, and we oot little holes 
right in those corners of that button on six cells. 

However, this venting situation was a hole that 
was not down at the button per se, it. was arOlJnd the end 
from the button, in the siae of the cell case. 

MARSH (Air Force 1: Are you planninq on certifying 
chemistry? 

bHAGG: No, we’re locked in on AA cells -- 
Khatever it is we have our test experience in, YOU know, a 
configuration -- 

MARSH: lhe lithium SO2 cell from a particular 
company? 

BRAGG: Right nok we’re JuEt getting into this, we 

69 



intend to look at other cell chemistries, yes. Our current 
plans, though, for this coming year at least don’t extend 
much beyond the BCX configuration in, say, a C cell and 
possibly a DD. 

As the need arises and as applications arise that 
look like if they don’t have this particular high energy 
aensity system they can or cannot make a flight or make an 
application, we will certainly consioer attacking those and 
attempting to certify them. 

MARSH: 1Ay other auestion is if you’re certifying 
a particular chemistry, are you given complete disclosure of 
the chemistry, and then how do you track whether it’s the 
same cell a year from now? 

BRAGG: We’re going to have to depend primarily on 
the goodwill of a vendor, for one thing. 

(I-aught er. ) 

The other aspect we hope will work for us, and 
maybe it’s a naive approach, but our acceptance tests, we 
hope, will uncover any changes that have been made in cell 
design that we’re not aware of and will hopefullv hiohlight 
those, in which case we wi31 attack those soecificallv. 

If we can’t get the cell that we certified, we’ll 
stop buying the cell. We’ll uncertify that cell is what it 
amounts to. 

HARRISMAK (Eagle-Picher): Are you limited to 
certification of payload batteries? This is not a launch 
venicle or external tank, is it? 

BRAGG: What you may be referring to is, on SAB 
and ET you have batteries that you-aJ1 have certified. 

The classification isn’t payload bay, it’s JSC 
government furnished at this point in time, is what it 
amounts to. These are particular applications that JSC 
specifically has that we’re trying to meet and, hopefully, 
we will be able to meet -- once certified, we will be able 
to meet other applications outside JSC, if they so desire. 
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a INTRODUCTION 

o Li-BCX AA AND D CELLS 

o TEST DESCRIPTION 

o HAZARDS/OFF-LIHTS 

o PERFORMANCE 

o ASSEMBLY QUALIFICATION 

o TEST RESULTS 

o PURPOSE 

o CERTIFICAlION OF CELLS 

o MANNED APPLICATIONS 

Figure 5-1 
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RECENT TEST RESULTS ON Li-BCX CELLS PRUPULSION AND PO\I'ER DIVICICJi~ 

B. J. BRAGG 11/17/81 

o TEST DESCRIPTION 

o HAZARDS/OFF-LIKITS: M 1 
o ACCEPTAKCE TESTS 

o VISUAL X X 

o DIMENSIONAL L, DIA, 141 X 

o 1EllPERATURE SCREEN 125OF FOR 2 HRS 200°F FOR 2 HRS 

0 ocv 
+ -08 

3.90 - ,(J5 v x 

o LOAD VOLTAGE 

o SHORT CIRCUIT 

o REVERSAL (VOLTAGE) 

3 v rm ori 30 n 3 V MIN ON 3 $1 

25 m R 8 RT 2 15 m R AT RT, 12O"F, 
lCO°F, ARWN AND VAC 

a7 65 ANU 125 ma 9 1.0, 1.5, 3.0 i4 RT. 
-20°F, 120°F It! ARGOII 
AND VAC 

0 HIGH TEMPERATURE EXPOSURE 300°F MAX HEAT UNTIL VENT UN tKESH 
AND DISCHARGED CELLS 

0 PARALLEL LOAD SHARING FRESH AF!D FRESH AND DISCHARGED 
DISCHARGED II-CELL SINGLE CELLS 
PACKS ON 105 II LOAD 

Figure 5-2 
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C. J. DRAGG 11/17/'Jl 

o TEST GESCRIPTION (Continued) 

o PERFORKANCE 

o CAPACITY 

0 SHOCK 

o VIBRATION 

o ASSEP;BLY TESTS 

Paw 2 

AA D 

20 PIA AP!D 65 ~'IA 6.2, 3, AND 2 Q a& 
TO 2,O V AT -40, -4OoF, 90°F, AND 1GO”F 
AT, AED lGO°F 

209 PEAK FOR 11 MS x 
RISE 

0.1 92/HZ, X 
9.625 GRllS 

1.0 + 1,5a AT NOIY, + 
HIGH TEMPERATURES 

Figure 5-3 
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SHORT CIRCUIT TEST RESULTS - D CELLS 

CELLS 
TEST CONFIGURATION TESIED 

MAX. TPP. 
RAP I 

0 CERAtilC HOLDER IN 23 8.2-26.8 AMPS lE3-290’F NG* 
AEGObi 

o FIGERFRAX IWSULA- 5 9.3-14,9 A#PS 379-534'F YES 
llur! lr: ARGW 

o CUrWCTIVE HOLUER 5 11-18 AI:PS 203-286'F NO 
Ib! VAC 

o r%N-CUNDUCTIVE tlOLDEI( 3 14.5-1785 AFSPS 305-332OF YES 
IN VAC - 

o TOTAL CELLS 35 

l ALL fELLS ACHIEVANG > 300°F VENTED.CERTAIN CELLS III CERAMIC HOLDER SUFFERED 
VENT NG AT < 300 F DUE TO HOLDER-INDUCED, AXIAL FORCES ON PIN IFI GLASS SEAL. 

Figure 5-4 
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RECENT TEST RESULTS ON Li-ECX CELLS 
PROPULSION AND POWER DIVISIOPi 

B. J. BRAGG 11/17/t?l 

HIGH RATE DISCHARGE WITH REVERSAL TEST (47 CELLS TOTAL) - D CELLS 

DISCHARGE RATE 1A 1.5 A 3A 

CAPACITY (A-H TO OV) 6.92-11.12 5.63-9.25 3.5-6.25 
(INTERVAL) 

MAX. CELL TEMP. 
o CERAMIC HOLDER 1900 250°F 350°F- 
o FIBERFRAX BLANKET 395oF* 380°F* 400°F* 
0 NON-CONDUCTIVE 201°F 

HOLDER IN VAC 

MAX. CELL TEMP. AT 
REVERSAL (OF) 
(ALL IN FIBERFRAX 
BLANKET) 

300°F 275'F 320°F 

* VENTED 

Figure 5-5 
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RECENT TEST RESULTS ON Li-BCX CELLS 1 PROPULSIOr! AND POWER DIVISIOF: 

B. J. BRAGG 1 l/17/61 

HIGH TEriPERATURE EXPOSURE TEST (12 CELLS) - D CELLS 

CELL NO. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

ELAPSED TIME 
TO VENT (MIN,) 

VENAFTEMP. 

70 330 
45 305 
20 300 
10 300 
17 300 
20 360 
20 306 
22 325 
25 300 
GO 452OF 

140 465OF 
81 441°F 

REMARKS 

VENT SAMPLE TAKEN, FRESH CELL 
DISCHARGED CELL, VENT SAMPLE TAI:EN 
DISCHARGED CELL, VENT SAMPLE TAKEN 
DISCHARGED CELL, VENT SAMPLE TAKEN 
DISCHARGED CELL, VENT SAMPLE TAKEN 
FRESH CELL 
VENT SAMPLE TAKEH, FRESH CELL 
DISCHARGED CELL 
FRESH CELL 
DISCHARGED 
FRESH CELL 
DISCHARGED 

--- 

Figure 5-6 
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I 
RECENT TEST RESULTS ON Li-BCX CELLS PROPULSION AND POWER DIVISION 
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CAPACITY RESULTS - "D" CELLS (75 CELLS) 

A-H 

N 2n 3n TEplP E D VOLT 6.2 n _ _ 

9OoF 2.5 V 5.8 - 8.5 8 - 10.5 11.3 - 13.1 
16OOF 2.5 V 5.4 - 7.3 6.7 - 7.6 7.6 - 9.0 
25OF 2.5 V 3.5 - 4.4 5.0 - 6.0 6.0 - 8.7 
-4OOF 1.5 V 0 - 2.5 2.1 - 4.1 4.9 - 6.0 

PARALLEL LOAD SHARING RESULTS "D" CELLS (6 CELLS) 

o EXPECTED LOAD SHARING WITH LITTLE OR NO CHARGING (*2 ma PiAX.) 
o 3 FRESH CELLS 11: PARALLEL ON 2 R LOAD 
o 2 FRESH CELLS PLUS l l DISCHARGED CELL ON 2 fl LOAD 
o 1 FRESH CELL PLUS 2 DISCHARGED CELL ON 2 n LOAD 

o NO ABNORMAL TENPERATURE RISE NOR VENTING 

Figure 5-7 
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15 

NA!sA Lvndon B. Johnson S~aceCenler Enoineerino and Develooment Dwctorate 

RECENT TEST RESULTS ON L1-BCX CELLS 
PROPULS:UN AND POWER DIVISIOR 

B. J, BRAGG 1.1/17/81 

AA CELL TEST RESULTS (APPROX, 50 CELLS) 

o SHORT CIRCUIT 
o 4 CELLS IN SERIES IN NON-CONVECTIVE ATM 
o 5 AMPS PEAK CURRENT ON 36 m R SHORT 
o 205OF hAX. CELL CASE TEMP. 

o REVERSAL 
o 8 CELLS @ 125 ma (TWO 4-CELL PACKS) 
0 4 CELLS @ 65 ma (ONE 4-CELL PACK) 
0 2 CELLS VENTED ON 125 ma WITH HIGH TEMP. 

o 1 VENTED THROUGH HOLE BURNED IN CAN 
o 1 VENTED THROUGH GLASS SEAL 

o HIGH TEMPERATURE EXPOSURE t30u°F MAX) 
o NO VENTING 

o PARALLEL LOAD SHARING (FRESH AND DISCHARGED II-CELL PACKS UN 108 fi LOAD) 
o APPROXIFIATELY 6 ma CHARGING CURRENT MAX. 
o NO TEIIPERATURE RISE NOR VENTING 
o llIhIMAL LOAD SHARING AS FRESH PACK DISCHARGED DOWN 

Figure 5-8 

74 



NASA Lyndon 8. Johnsca Space tilol EngineerInn end DeveloDmenl Directorale , 

RECENT TEST RESULTS ON Ll-BCX CELLS PROPULSION AND POWER DIVISION 

B. J, BRAGG 111/17/81 

- CAPACITY RESUITS - AA a 

me. ErJDVOLT. 182 I-l (20 u@) 
9 

54 n (65 11 

RT 2,o v 1,76 - 2 2 (AVG 2.01) 
(4 CbZS, 

0.96~i21~~@L~~VG 1.53' 

16DOF 2.0 v 1.39 - 1 G (AVG 1.63) 
(4 CdLS, 

- 

-4O'F 2.0 v -73 - -78 (AVG ,771 
(4 CELLS) 

Figure 5-9 
Lyndon 6. Johnson Space Cenlar Engineering and Development Direcloralc 

o EMU TV/LIGHTS - STS-5 - D 

o MINI-O-SCOPE - SPACE LAB - D 

RECENT TEST RESULTS ON LITHIUM Li-BCX CELLS PROPULSION AND POWER DIVISION 
8. J. BRAGG 11/17/81 

GERTIFICATION STATUS 

o D-CELLS - VENDOR PART NUMBER 3821 FOR NASA JSC 

o CELL CERTIFICATION ENVELOPE DESCRIBED BY LITHIUM-BCX "D" CELLS 
CERTIFICATION REPORT - EP5-81-008 

o AA-CELLS - VENDOR PART NUMBER 3839 FOR NASA JSC 

0 CERTIFICATION FOR SPECIFIC APPLICATION ONLY STILL IN WORK (SUMS) 

o EFFORT CONTINUING TO ACHIEVE GENERAL CERTIFICATION 

APPLICATIONS 

o WCCU - WIRELESS CREW COMMUNICATION UNIT - STS-2 - AA 

o AIR SAMPLER - SPACE LAB - AA 

o LSLE DATA RECORDER - STS-3 - D 

o SURVIVAL RADIO - STS-5 - D 

Figure 5-10 
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CASE-POSITIVE VS. CASE-NEGATIVE DESIGJS FOR LOW-RATE 

LITHIUM THIONYL CHLORIDE CELLS 

T. Mahv 

CIA 

My topic is what I will mostly talk about, but 
it-/s not all that 1’11 talk about. P.nd 1’11 te.11 you in 
advance, though, my slides will have too many numbers on 
them for you to read. Concentrate on the numbers that I 
point at. The rest of the numbers are there for you to have 
later. I./m using this talk not only to discuss the topic, 
but also to make public some very interesting data that I ao 
not believe has shown up in any other mediurn. 

(Figure 6-l 1 

I’m going to talk about three rather different 
designs here. It-/s really apples, oranges and grapefruit, 
but it’s about all you can get holo of, if you think you 
have a problem with the case polarity choice. 

This is an outline of the desion data for the AA 
cells that I’ll talk about. The dimensions are 
conventional. They are bobbin cathocei the electrolyte is 
1 ..b molar lithium tetrachloraluminatc: glass-to-metal seals 
with 7052 glass; Kovar, or 52 alloy for the terminal pins. 
The interelectrode area is, crudely, 14 sauare centimeters. 

One design is thionyl chloride limited. Now that 
means that you run out of thionvl chloride before you rlln 
out of anything else. These cells were made in 19-16, and 
that’s how I’ll refer to them from here on: thionyl chloride 
limited AA’s made in 1976. 

The other set of AA’s was made in lY77. They are 
lithium-limited. And they are truly lithium-limited: at 
the enu of a complete discharge the lithium is completelv 
consumed. 

(Figure 6-l cont. 1 

This is my case-positive example. There’s only 
one. It’s a D-size cell, conventionz.1 dimensions. The 
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electrodes are spiral wound, however, not bobbin. And the 
electrolyte solution is .5 molar. In the first two cases, 
the cells are made low rate because it.‘s a bobbin type 
cathode structure. In this design we have essentially a 
high rate electrode grouping, but the cells are made low 
rate by using a low concentration electrolyte. 

Now there’s a spin-off advEntage to the low 
concentration electrolyte, in that it contains more thionyl 
chloride per cubic centimeter than the more concentratea 
ones do. For low rate applications this is not as crazy as 
it might seem. 

The glass-to-metal seals: I do not know what the 
glass is --- I got the usual deal that it’s the standara qlass 
that’s put into these seals. The pins are moly. 

The cathode-to-case attachment -- now remember, 
these are case-positive cells, so this matters -- it’s nickel 
welded to 304 stainless steel. 

The lithium electrode currcnt collector is a full 
interior nickel exmet grid. The interelectrode area is 
about 215 square centimeters. And ti-,ey are thionyl chloride 
limited. Made in 15373. 

Those are the three designs I’m going to talk 
about . Now I’m goinc to tell you what my results are, and 
then 1’11 show you the data that lets me derive those 
results. 

First of all, case-positive/case-negative ooes not 
seem to have much bearing on storage. lhey all store very 
well. If the technology is advanced to modern state of the 
art, if the cells are maoe cleanly, kith control of the 
things that you normally have to control, storage is not 
affected by whether they’re case-positive or case-negative. 

Low rate oischarge is quite another matter, 
however. During low rate discharge, the case-negative cells 
show a steadily decreasing capacity ES you go to lower and 
lower rates. 

Now I should say that the correlation coefficient 
associated with this decrease is .YY7. Kever in my career 
as an engineer have I had a correlation coefficient like 
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that from engineering data. So I'm inclined to believe that 
the trend is real and it's unavoidable. If you know what it 
is, you can use the cell. But bear that in mind. That's 
the main conclusion about case-negative designs: at low 
rates the capacity is much, much less then you think it's 
going to be. 

For case-positive cells, tI-at's not the way it is 
at all. The rate doesn't seem to hale a whole lot of 
bearing on the capacity you get in the low-rate regime. I'm 
sure if I had five-year rate data or ten-year rate data on 
this design, I'd have to revise that conclusion. I only 
have out through two-year rate data cn the case-positive 
design, but I do have five-year rate date on the 
case-negative design. 

Now the final conclusion, naturally, has to be, 
there's something wrong with the case-positive designs, too. 
You have to be very, very careful exactly what you do on 
that positive case. This weld here (cathode collector to 
case) can frequently be a major cause of problem. 

Take a completely discharged cell, a cell in which 
the thionyl chloride is all gone: basically it's a sulfur 
dioxide cell now. And many people in the audience know very 
well that you cannot make case-positive lithium/sulfur- 
dioxide cells. Well, apparently you can't have case-positive 
sulfur dioxide cells that are created during the discharging 
of a thionyl chloride cell, either because many of these 
cells will breach their cases after they have been through a 
complete discharge. 

I'll have to add that these cells have alwavs 
still been on the resistive load to the time that they 
breached their cases. But the case breach is always at the 
cathode tab-to-case weld. 

You've seen the designs, ycu've heard the 
conclusions. Now let me present the data. 

(Figure 6-2) 

I have a lot of problems in my mind with dealing 
with small sample statistics. And 1'v.e wrestled with these 
problems for the better part of my 20-year professional 
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career. I’ve never been able to come .up with an answer that 
really works. but for this kind of talk, what I’m going to 
do is the following: 

I will talk about median velues, not average 
values. Yvhen you’re talking about erperimsntal ce.Jls, 
there.‘s always th.e inevit.able turkey, and the inevitable 
turkey is very, very often in the test that you don’t want 
it to be in. So I tend not to talk about mean values or 
averages: I talk about median values. 

And I have a hard time believing in normal 
distribution statistics when you’re talking about cells 
because you never have a cell that’s 3-sigma above the mean, 
but you damn sure have cells that are 2!)-sigma below the 
mean. So I will not use normal distribution statistics in 
this talk. 

Now that really nails me to the wall. Now how do 
I talk about my numbers? 1 don’t have a reliability model, 
I don’t have any kind of a probability model. fle’ve spent 
go00 money trying to get one, and tht statisticians always 
come back and say “There ain’t one.” So I will resort to 
distribution-free statistics, which means I’m making the 
most pessimistic conclusions that it’s possible to make -- 
unless I.*m willing to assume that there was no control over 
the cell manufacturing process at all. If there’s any 
control at all, then distribution-free statistics will give 
me valid pessimistic statements. 

I have never been burned by sticking to that kind 
of a presentation. Ply final hardware always does better 
than I said it would, and therefore people are happy, 
including me. 

But this (the slide) is here for reference. If 
you’re talking about a 5-cell sampl.e, and you’ve got a 
meai an value, and you want to know what confidence you can 
have that that median value is where YOU think it is, 
unfortunately all you can have is 93.7 percent confidence 
that the real median lies between your poorest and your 
best. So you don’t want to test with five samples very 
often, unless your results can be extremely qualitative. 

This (15 cells) is the number that I like. That 
says that you can have 96 percent confidence that the true 
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median lies between your fourth cell and your twelfth cell, 
if the data are rank-ordered on the capacity. 

(Fiqure 6-3) 

BY the wayI there was a footnote at the bottom of 
the previous slide that tells you one source where vou can 
read about distribution-free statistics. 

This is my test plan for the case-negative lY76 
design. This is the storage data. If I had this to do over 
aqain, I’d never do what I did here. but I was vounq and 
foolish when I set this up. 

vvhat we have here is the ace of the cell in 
months; and this is age after closinc the cell (sealing the 
cell1 it’s not aqsr? after receipt or .enythinq else, it’s aqe 
after closing. The nominal current end the- nominal run 
tililes are here. :Jobr: the nominal currents assume a 3.5 volt 
ooeretinq voltage. The tests are really constant in 
resistance. And the nominal run time assumea I .8 ampere-hours 
from the cell. 

Ana then over here you have the replication level 
that I usea. 

The room temperature tests are split into two qroups. 
There’s the 10 mA and the .6 mA. Ant the .6 mA at -10 and at 
120. The storage, however, is all rcom temperature. It’s the 
discharges that are at the various temperatures. 

(Figure 6-4) 

Now I switched qears. I tcld you what I expected 
to qet for currents on the first page and what I expected to 
c:et ior run times. ?:ow I tell you wtat I reallv qot for 
currents and what I really got for run times for the median 
cell, and where there’s more than one temperature, it’s the 
meditin cell in the room temperature test. So these are kind 
of ballpark currents for all of the cells except the median 
at rcom temperature. 

If you want to know what kind of resistor value 
1 usea, YOU have the current that really applies to the 
median cell. Un the next page I’ll cive you the time 
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averaged voltage that really applies to the median cell, and 
you can calculate the resistors. hut most people at talks 
like this don’t respona to resistors. I don’t. 

Let’s take a look at the aata. This is brand new, 
so to speak. This, six months old, this, twelve months old 
and this, twenty-four months old. 

If you look at the 93 percent confidence values on 
these medians, you might be able to say that there has been 
a change from there (I month old, IGrrA, 75°F) to there 
(24 months old, lOmA, 75°F). But I don't think you could 
really statistically justify it. And if you looked at all 
the data, you'd be certain that you couldn't statistically 
justify it. 

There has been very little capecitv change in the 
IO rnk tests across two years of storzae. Now, IO mA is a 
hiah rate for this particular cell: 190 hour rate on a 
bobbin k,l, -- that’s a comparatively high rate. 

At the lower currents, we start out here (6 months 
OlG, 0.6 mA, ‘/5”i=). And that looks like. Gee, maybe there’s 
a difference. but you’ve got to remember, those are four 
significant numbers, and the fourth figure is not justified. 
1 incluoeu it so YOU could tell the difference between the 
median and the confidence limits quickly. 

If you look at these numbers (6 months old) and 
those numbers (24 months old), again your conclusion is: no 
change. If you look at the 12O'F temperature, your 
conclusion is: probably no change. And over here, your 
conclusion is:. Uh, my God, those tests were non-reproauciole, 
but probably no change with the storage, -- minus ten is just 
not an acceptable operating condition, even at the 3000-hour 
rate, for this particular design. 

Now that last ooesn’t matter, that doesn’t have 
anything to ao with this talk, it’s Fart of the interesting 
data that’s also here. 

(Figure 6-5) 

The voltage data I show you just so you can see 
them. They’re there for your reference. 
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The only numbers 1 want you to form in your mind 
are cruaely what these (the 75°F results) are. Now * remember 
that these are thionvl chloride limited cells. 

(Figure 6-6) 

Case-negative, 1977. Test plan: formatted the 
same way as the previous one. \lou’ll note the 15-cell 
replication level and the longer run times. That’s one 
year. three years and five years, nominal. These cells, 
the assumption is 1.7 ampere-hours per cell. 

(Figure 6-7) 

!-here’s the resfults. 96 percent confidence on the 
location of the median. I would ask you to immediately note 
this (the room temoerature result for IO mAI, and this 
(the room temperature result for the five-year rate), and 
211 the numbers in between. The trend is monotonic. In the 
early staoes you would have to say it isn’t statistically 
significant. iat, of course, if you were me, you were 
tryino to Inake predictions even thouch it wasn’t statistically 
significant. And in this case all the preoictions were 
high. Any estimate that you make eased on what you think 
you’ve got in the eerlier tests leaas you to preoict higher 
capacities than you ultimately get in the one, the three, 
2nc the five-vear tests. And that’s even true if you use 
all of this data (all the room temperature results except the 
live-year test) and then try to predict the five-vear test. 
‘You still fall above what you get by more than you would 
appreciate. 

(Figure 6-b) 

!lere’s the voltace data aqein. These are time 
averaged voltaoes to a Z-volt cutoff. hotice that these 
cells performec better on a voltage basis than did the 
thionyl chloride limited cells. This fact has been published 
in the Journal of the Electrochemical Society for larger 
cells. The whole point is that these cells discharge 
essentially flat, and then they fall off the end of the 
wor Id. And you soend very, very little time at voltages 
much below the olateau voltage. i;irhereas with thionvl 
chlcricie limited cells, the cells kind of taper into their 
failure mote, and you end up spendinc perhaps 15 to 20 
percent of the ti-ne below the plateau voltage. 
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I want you to take particular note of this value 
right here (the f.ive-year rate result.).’ That’s a pretty 
reproducible number. This is a 15-cell test element, and if 
you took all of the time-averaged voltages and averageo them 
and took the standard deviation of that 15-cell sample, 
you/u fina that the standard deviation affects the fourth 
significant figure only, and it doesn’t affect it very much. 

So that is a nice, realistic load voltaqe number 
for quite a low current. I\;ow remembcr, this is the 5-year 
rate nominal, even thouoh they only really ran three ano a 
half years. 

The reason why 1 want to stomp on this point is, 
at the recent Electroche,mical Society meetinq I heard two 
papers in which the authors used lower numbers (3.55 and 
3.60 volts) than my 2.650 volts for their assumed, 
thermodynamic, open circuit voltaoes. I can find no 
Justification for their values -- but using them did make 
their cell designs look better than thev prooably were. 
I don’t know what the thermodynamic @per\ circuit voltage 
should be (and I have trieo to unambiguously determine it), 
but it must be areater than or eo~lal to mv J.650 volts 
-‘- tine-averaqea voltage for complete discharoe at the CJ-year 
nominal rate -- at 75°F. 

unfortunately I’m running out of time, so I’ll have 
to cover the remaining data even more briefly than I have 
been ooino up to now. 

(Figure 6-9) 

iiere I present one interpretation of the room 
temperature capacity results for the case-negative approach. 
First I define my symbol usage. Then I cive in mathematical 
symbols the equation that 1 shall fit, an2 I interpret 
these mathematical symbols with their empirical equivalents. 

!Gow the eouation is this, jn empirical symbols. 
And it rearranoes into this, which ccr~lci be interpretea as 
saying that the total current reducing the cell’s capacity 
is equal to the load current plr~s the corrosion current. 
Ifit e 3 3 , if that’s the case, this is the corrosion current. 
Ano then I can derive the corrosion current expression as 
actually being this. 1 qet that by taking the definition of 
G from here, substituting it in there. 

84 



i\iow, what this eouation says is, for large I the 
corrosion current is a constant. But as the actual 
oischarge current approaches the corrosion current, this 
value slowly increases until eventually they both become 
equal to the value of 2b. 

(Figure 6-Y cont.1 

I wi.Jl not gc beyond the value 2b, as youO.Jl see 
in the next data. 

This is the actual data: the average currents, the 
apparent run times, the actual capacities, the calculated 
capacities, and the differences. 
all in milliampere-hours. 

And these capacities are 

You’ll note that the differences are small for 
four siynif icant f ioure numbers. lhet’s the actual 
equation: it says my corrosion current is about 12 
microamps. The lowest current I tested at was 41 microamps. 

Now if you use (the note on the slide) this more 
straightforward model which says that the corrosion current 
is constant, you get a correlation coefficient of -0.989. 
I don't know that you can really choose between the two 
models on the basis of this data, in spite of the "large" 
difference in the correlation coefficients. 

(Figure 6-10) 

?his is the case-positive storaoe results, 
spanninq f ram 6 to 3 I months, with a 42-month one planned. 
ihe sample sizes varies, mainly because I had to cancel some 
of the tests, and I plowed the cells in here. 

You’ll note that until you aet here (31 months old), 
there really hasn’t been a capacity change at all. And even 
this one is not statistically siqnificant. 

So this desiqn also stores well. 

(Figure 6-l I) 

lhis is the test elan for my capacity testing. It 
assumes 1 t; amp-hours. It also assumes 3.5 volts. These are 
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, I, 1,111,. I I, I, I I.., ..1.11.11..-. -, ,,.__. __--. 

the nominal run times. That’s two years. And there’s the 
room temperature regli.cation level. 

(Figure 6-12) 

This design, spiral wound or not, is rate limited 
at the I80-hour rate. It’s actually a lower rate cell than 
the AA bobbin. The cell is not rate limited at the 600-hour 
rate, however, and you can see that there is no capacity 
change that’s meaningful as you go to lower and lower 
rates. If anything, they might be a little bigger, but 
certainly the difference is not significant. 

(Figure 6-13) 

That’s the load voltage table. It’s there for 
reference. 

I gave you the conclusions first, and I really 
won’t think I need to repeat them. Eut I want to make one 
further conclusion. This might have seemea like a 
nit-picking topic: case-positive versus case-negative. I 
p-ant to stress that 1 do not believe that it was. In fact, 
l/in sorry to say, I think alxost everything is important; 
ano you’d better check almost everything out. 

lhank you. 
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Figure 6-11 Figure 6-12 

Figure 6-13 
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HEAT GENERATION RATES IN LITHIUM THIONYL CHLORIDE CELLS 

Harvey Frank 

JPL 

I would like to mention at the beginning that this 
work is sponsored by the OAST Office of NASA. It’s part of 
the high energy primary battery program that Dr. Ambrus 
mentioned this morning. 

Ihe work that I’ll be describing here deals with 
thermal characteristics of thionvl-chloride batteries, and, 
in psrticular, the heat generation rete in these batteries. 

heat generation rate data can be used for several 
applications. We’ll be describing sorne of the results that 
we’ve obtained and how these have been applied. 

(Figure 7-I > 

The particular cells of interest that we’ve been 
examining are experimental types. They are of the D size 
with spiral wouno configuration and ere instrumenteo with a 
tnerrnocouple. liere is a photograph of one. We’ve listed 
the components here. These comprise what one might call the 
conventional thionyl-chloride system without any additives. 
Also listed are the specific heats 01 the various 
components, frorn which, with the weights, we have computed 
the thermal mass of the system, which is used in subseouent 
calculations, and the electrode area-t in case anyone desires 
to compute the currznt densities that we’ve been running at. 

(Figure 7-2) 

The calorimetric data has been obtained on the 
assembly shown here. This is fast response calorimeter. A 
cell is installed here, as we’ll see in the next Vu-araph. 
Its response time is within about a few seconds to a minute 
cepenainq on the load. he typically run at constant 
current. The heat oeneration rate is measured directly in 
watts. It’s an isothermal device anu can be operated over a 
range from -40 to 70 deyrees Centigr:.de. It’s not a micro, 
but we’ll call it a macro calorimeter, up to 50 watts of 
heat generation rate. 
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(Figure 7-3) 

This shows the particular cell installed in the 
calorimeter. The cell is on a baseplate which communicates 
with a copper rod and then to liquid nitrogen underneath. 
It’s shielded for negligible heat losses. So a31 of the heat 
that’s generated by this cell goes aown a copper rod into 
liquid nitrogen underneath here, and the heat generation 
rate is measured by probes along the copper rod to give a 
direct reaaing, thermal reading, and convert it to a heat 
generation rate in terms of watts. 

(Figure 7-4) 

i3efore we present the results we will first 
mention this eauation here. It has been discussed in the 
EC5 Journal and at the Electrochem Scciety meeting. This 
equation gives the heat generation rete in an 
electrochemical system in terms of the polarization heat and 
the entropy heat. This is for the general case in terms of 
the open circuit voltage, the opereting voltage, and the 
“dE/dT” term , which is the measure ol- entropy which has been 
determined exoer iaenta Jly. For the case of 
thionyl-chloride, the values of the constants have been 
coml;uted, and we arrive at the equation at the bottom 
here, oiving the heat generation rate in watts as a function 
cf operating current and voltage. I rriaht mention that this 
equation applies only to electrochemical heat, not other 
types of heat that may be generated in an electrochemical 
device. It’s onlv electrochemical in naturei not including, 
for example, chemical heat effects which can arise, and 
which are speculated to occur in these batteries. 

(Figure 7-5) 

We have two typical results that were obtained on 
the calorimeter. We've plotted here the operating voltage 
for a constant current discharge at 1 amp, and two sets of 
heat generation data: first of all, the experimentally 
measured value by this line here from the calorimeter and, 
underneath, the lower dashed line giving the theoretical 
heat generation rate as per the equation which we've just 
shown. 

There are two points to be maae here. First, as 
per the electrochemical equation, the heat generation rate 
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rises with a fall in voltage, as preoicted by the equation, 
end at this particular current, up tc 3 watts. The second 
point is that there is a delta, one notices, between the 
experimental value and the theoreticelly predicted value. 
Now this signifies another type of heating effect. It can 
be. most likely, a chemical heat eff Ect, whether it's 
corrosion of the lithium as we just had reference to, or 
other types of chemical reactions. li\e don’t know exactly 
what they are. 

liJe are investigating the rEactions that occur in 
the thionyl-chloride and the sulfury-chloride cells to 
explain these reactions by in situ electrochemical 
techniques. But for the sake of this presentation, 
1’11 just say that it is a chemical bleat effect. 

(Figure 7-6) 

This gives another set of data: this particular 
one at a higher current, 3 amps, which is relatively high 
for this type of cell considering the electrode area. 

In this case we observe a similar treno: i.e., a 
tiecline in voltane at the enrl of discharoe, with a 
rise in heat generation rate as the bolteae falls. 

These are two sets of tyoical calorimetric data 
we obtained with the thionyl-chloride systern along with the 
thecretically Dredicted values. 

(Figure 7-7 > 

Now ( we mentioneo we’re stuayino the mechanism of 
the react ions. Well, this is not related to the mechanism 
but is for someon who wants a first cut approximation for 
preuicting heat. tjy taking the experimental data, the 
experimental heat genera%ion data, one can make an empirical 
fit: which has been done here; 
of all equations. 

and arrive .at the simplest 
This gives an empirical prediction of the 

heat generation rate simply as a function of operating voltage 
and current. 

(Figure ‘7-b) 

i3ob Zragg mentioned this morning about adiabatic 
type tests. ;iie have done similar work, hith two purposes in 
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mind: one was reach the melting point of lithium and observe 
it; the cell exploded at this point. The other was to 
test the empirical equation which we have just aescribed. 
lhese, again, were constant current cischarqe runs on cells 
unaer near-adiabatic conditions with measurement of internal 
temperature. IVe also measured external temperature, which 
is not shown on this graph. 

Here we have the operating voltaoe down to a zero 
volt cutoff. lhe actual internal temperature is measured by 
the thermocouple, and the predicted temperature as per the 
simplified eouation. 

For someone who would like to make a first cut 
ap,proximation at the heat generation rate, the equation 
apparently qives a fairly reasonable prediction. 

In this particular case the cell opened near the 
end of discharge. (Loss of internal contact.) And the 
current rdrooped, and, corresponainqly, the heat qeneraton 
uroppeu. And we were not quite able to reach the melting 
point of lithium. 

(Ficjure 7-Y) 

This is another adiabatic run at a higher current. 
Again, the intent was to reach the melting point of lithium, 
also to check accuracy of the model. 

Again we see in this particular case, at 4 amps, 
we oet a fairly aood correspondence between the actual and 
predicted temperature from the equation. In this particular 
case the cell did not again quite reach the melting point of 
lithium; it oic, however, go slight11 into reversal. vi e 
carried it shortly beyond this point. ‘ihe temperature rose 
to 250 degrees F., and then slowly declinea. It did not 
exploce. Lut apoarently there was internal chemical reaction 
after it reached the melting ooint oi lithium. 

(Fiqure -/-l(j) 

Row, one additional run on this particular tyoe of 
cell was carried out for the purpose of obtaininq some 
additional thermal data. lhis is for the condition of 
forced overdischaroed on a cell which had been previorlsly 
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oischarged to zero cutoff voltage, and had been on stand for 
e few weeks to this point. 

lhe purpose of the test was to examine the problem 
of thermal behavior on reversal and, in particular, the 
sublect of lithium plating durinq the condition of reversal. 

Well, first of all, to explain the experimental 
results: At the onset of discharge, the cell voltage 
indicated a small residual capacity. Shortly thereafter the 
cell went into reversal, and voltage stabilized at the indi- 
cated value, at 1 amp discharge. The temperature was 
moderate, near 30 degrees Centigrade at this time. 

The idea, then, 
the condition of reversal. 

was to raise the temperature for 
Y4e did this by increasing the 

current, stepping the current up to 5 amps, and observed a 
rise in internal temperature. At epproximately 60 degrees 
Centigrade, the cell was noted to explooe. 

Phere has been a great deal of discussion about the 
canger of lithium being plated on the carbon electrode for the 
concition of reversal. rrom ijSC work ant by the Naval 
Y,llrface Neapons Center, ana also work done at JPL, it has 
been shown that tne combination of lithium, thionyl-chloriae 
and carbon can exhibit an exotherm at a moaerately low 
temperature: experimentally, on the LSC work, near SU 
oecrees Cent iqrade. The observed phcnomene qives support to 
the belief that lithium is platea on the carbon during 
reversal and this can cause an explosion. 

One point I forgot to mention was that these were 
cathoae-limited cells. By that we mean carbon-limited, not 
thionyl-chloriae-liniteu. And so there was excess lithium 
available to plate on the carbon. And when the temperature 
reached a moderate level, much below those which we 
heard this morning, in this particular case near 50 t0 60 
ceqrfes Centiqrade, the cathode-limited cell did exploae on 
reversal. 

(Figure 7-1 1) 

Just a few concluaino remarks here. We have some 
indication of chemical heat effects in the thionyl-chloride 
system. We do have a measure, a ouantitetive measure, of 
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the masnitude of these heat effects. When the reactions 
are understood, we can obtain a measure of their rates from 
the therkal data. And this work is qoino on both at JPL 
and at other locations. 

For engineering purposes we have developed a simple 
equation for thermal analyses, not only for the adiabatic 
case but for any environment. By applvino suitable heat 
transfer equations one can use the heat oeneration rate and 
establish fairly accurate internal temperature under anv 
operating condition. 

Finally, the cathode-limited cell can explode on 
reversal, ana this gives support to the conviction of the 
reactivity of litnium, carbon and thionyl chloride. 

I-hank you. 

96 



Figure 7-1 

CALORIMETER ASSEMBLY ‘I 

Figure 7-2 
. .~. - EXPERIMENTAL Li-SOCIz”D” CEU 

iNSTALLED IN CALORIMETER 

THEORETICAL HEAT GENERATION RATES 

Figure 7-3 

. GENERAL CASE 

d Eoc 
C! = 1 IE,, - Eop) - I TF 

WHERE: 9 = HEAT, WATTS 

Eoc = OPEN CIRCUIT VOLTAGE, VOLTS 

Eop = OPERATING VOLTAGE, VOLTS 

I = CURRENT, AMPS 

T = ABSOLUTE TEMP. OK 

d Eoc 
-= 

LlT 
CHANGE IN E,, WITH T, VOLTS/‘% 

. FOR LkSOCl2 CELLS AT 20°C 

Q = I(3.65 - E,,l - I 10.316) 

Figure 7-4 
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HEAT GENERATION DURING CONSTANT CURRENT 
DISCHARGE OF “D” SIZE li-SOCIZ CELL 
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Figure 7-5 
HEAT GENERATION DURING CONSTANT CURRENT 

DISCHARGE OF “D” SIZE Li-SOC12 CELL 
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Figure 7-6 

SIMPLIFIED EMPIRICAL EGUATION FOR PREDICTING 
HEAT GENERATION RATES IN Li-SOC12 CELLS 

Q.13.7-Eopll 

WHERE: 

Q - HEAT. WATlS 

Ew - 
OPERATING VOLTAGE, VOLTS 

I - CURREM. WPS 

Figure 7-7 

98 



CONSTANT CURRENT DISCHARGE OF Li-SOCIS 
“D” CELL UNDER NEAR ADIARATIC CONDITIONS 

THMOCWPLf FOR INTERNAL TEMP 
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Figure 7-8 

FORCED OVERDISCHARGE OF Li-SOCIR “0” CELL 

Cell WI prwlously discharged a4 1.0 Amp for 7 hr lo 0.0 

r. volt cutoff and then on stand for 1 m II mm tempertiure 

TIME lmlnl 

Figure 7-10 

CONSTANT CURRENT DISCHARGE OF li-SOCI) 
“D” CELL UNDER NEAR ADIABATIC CONDITIONS 

Figure 7-9 

+ I CONCLUDING REMARKS 

. SOME INOICATION AND MEASURE OF CHEMICAL IN ADDITION 

TO ELECTROCHEMICAL HEAT EFFECTS - REACTIONS UNDER ItWESTlGATlON 

l EMPIRICAL EQUATION USEFUL FOR GOOD FIRST APPROXIMATION 

IN THERMAL MODELING 

. CATHODE LIMITED CELL CAN EXPLODE ON REVERSAL AT MODERATE 

TEMPS. - HELPS SUPPORT PRIOR DSC STUDIES 

Figure 7-11 
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DISCHARGE OF 1400 AH LITHIUM -rbiIo~kL CHLORIDE CELLS 

INTO VOLTAGE REVERSAL 

Adrian Zolla 

ALTUS 

.1/d like to thank NAVALEX End NOSC for supporting 
the work which I'm going to talk about today. Over a 
three-year period, the Navy, through NOSC, has funaed ALlUS 
to develop and characterize a thionyl-chloride active cell 
with capacity in the range of 1000 tc 2OOO ampere-hours and 
a IO-year active shelf life. 

Ihis cell will be incorporated, hopefully, into a 
high energy density battery, HEDB, with configurations up to 
150 to 200 kilowatt hours of eneroy for use in underwater 
instrumentation packages, surface buovs and undersea 
vehicles, where safety and operation in eny orientation, 
structural strength and hermeticity are key factors. 

The HED3 battery concept is shown in the first 
Vu-graph. 

(Figure 6-I) 

Forty cells of 1400 ampere-hour capacity are 
connected in series within a pressure housing. 

(Figure e-2) 

The 1400 ampere-hour cell is disc shaped and has a 
diameter of 17 inches, a thickness of l-3/8 inches, and with 
a center hole of 2-5/8 inches diameter, which houses the 
electrode terminals. The 1400 ampere-hour is depicted in 
the top left of the photograph. 

The cell weighs 23 pounds lor S.b kilowatt hours 
output, and is optimized for currents up to 15 amperes. 

The cell at the lower left is kery similar. It's 
two inches thick and weighs 39 pound:, for a capacity of 
2000 ampere-hours and 7.3 kilowatt hours of energy. The 
technology is easily scalec, and also shown is a similar 
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17-inch diameter cell, height 7 inches, weighing 25 pounds, 
for SO00 ampere-hours and Zb kilowett. hours of capacity. All 
three cells are optimized for discharge rates of 100 hours 
or longer and a long, IO-year shelf life. 

AL?ilS has built 200 cells cf 1400 ampere-hours 
capacity and about 50 cells of 2000 Empere-hours capacity, 
an0 one prototype 8000 smp-hour cell. 

Ae have characterized this technology extensively 
for performance under a variety of oreratinq rates and 
temperatures and for safety under a broad range of abusive 
conditions for various states of cell discharqe. 

The cells are filled with high purity 
thionyl-chloride electrolyte at the factcrv, hernetic2lly 
sealed, and .s,hippea in an active sealed stete. 

1’31 aive you a brief ssnorsis of the test proarem 
prior to the reverse voltace deti> which 1 recpqtlv acTuired. 

(Figure 8-3) 

lhe next two ohotoaraphs are reorespntat Iv9 of the 
abuse tests, namelv. drop testing in t’-lis. pictlure, 

(Figure 6-4) and crush testing of 1400 ampere->our 
cells in fresh, partial and fully discharqez concitions. 

(Eiqure Z-5) 

This table provides a brief overview of the tests 
which have been conducted on the numerous cells without ever 
a single incident at either ALTUS or at NOSC with regard to 
overheating or venting of t>e cells. 

In many cases permutations of these tests have 
been performea on the same cel.1, and the cell later 
delivered full capacity upon discharc,e. 

(Fiqure 8-6) 

This is representative of COW twenty tests ip 
which a fresh cell ;las been penetrated by a conductive 
object, such as a nail or a l/4-inch <diameter ram devir?. 
and in all but a couple of cases thera has been no ventinq 
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or exothermic reaction resulting. The high degree of 
resilience to this type of extreme abuse test is due to the 
method of construction which avoids the exothermic reaction 
of molten lithium thionyl chloride in the presence of 
carbon. 

For single ce.11 applications like the space 
shuttle experiment package power source, a reverse voltage 
condition cannot occur. However, this condition can 
result when a cell of poor capacity delivery is force 
discharged by other normal cells in e series connected 
battery stack, a problem that has continued to plague 
lithium thionyl chloride multi-cell batteries of large 
capacity. 

completed, 
The final phase of the ALTUS-VOSC program, just 

addressed this reverse voltage condition. The 
objective of this work was to extend the capability of the 
1400 ampere-hour cell to reliablv withstand a force 
aischarge into voltage reversal for P total of ampere-hours 
equal to 100 percent of the normal capacity rating, to 
simulate a case where a dead ce31 had accidentally been 
included in a fresh battery system. 

The Naval Surface Neaoons Center srlggested safety 
standard was to test several cells tc voltage reversal for 
150 percent of the capacity rating: t.hat’s 2100 ampere-hours 
,beyond zero volt output: in order to demonstrate a margin of 
safety of 50 oercent above the worst case conditions. The 
test conditions were to inkrstigate the forced discharae of 
6 amps at Ll <jec;rees Centigrade: that’s .45 mi lliamps per 
square centimeter: and 12 amps at zero degrees Centigrade, 
or .Y milliamps per square centimeter of lithium. 

In order to achieve this result, the following 
criteria were invoked in the cell design: 

(Figure E-7) 

(1) Ihe cell is limited to 1400 ampere-hours 
capacity by the weight of carbon in the cathode, operatino 
at about 3 ampere-hours per gram. 

(2) The situation of lithium limitation is 
avoided by building in 30 percent excess material into the 
anodes, which theoretically allows fcr I tO0 ampere-hours 
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lithium capacity. 

(3) The void volume between the separator and 
cathode structures is desi ned to accommodate 2000 
ampere-hours of thionyl if ch oride catholyte. 

(4) Each lithium anode is firmly attached to a 
nickel exmet current collector to eliminate the problem of 
hot spots developing as the lithium is utilized and when the 
anodes become extremely thin; this effect being assumeu 
responsible for cell venting in extended force discharge in 
some cases. 

(5) The cathode current col.lector is of stainless 
steel, rather than nickel, to minimiie the lithium plating 
to the cathode grid structure. 

(6) Most import ant: a chemical switch mechanism 
is incorporated which operates when the cell output voltage 
is zero. This low ohnic shunt both aiverts 70 percent of 
the forced discharge current from lithium plating reactions 
ana further limits the negative voltage excursion to less 
than I50 millivolts negative, where electrolysis reactions 
occurring at higher potentials are circumvented. 

Note the energy censity is maintained at IW 
watt-hours per pound with the above criteria invoked. 

The details of the switch rrechenism are still 
considered proprietary at this time. dut 1 should point out 
that two patents have been allowed, 2nd public disclosure 
will be forthcominq by the turn of the year. F[l!l 
aisclosure of all construction detei3s has been macje to the 
program sponsor. 

Each ceil in this experiment was br!ilt with four 
feed-through terminals for experiment monitoring purposes: 
two for normal anode and cathode terminals, one for the 
lithium/lithium ion reference electrode incorporated into 
the cell, and the fourth feed-throuoh to bring out one end of 
the internal switch in order that the shunted current could 
be monitored. These modifications tc the cell to achieve a 
four-terminal output caused some loss in capacity for the 
cells compared to previous production units tested. 

The constant current discharge of each cell was 

104 



accomplished using a power supply as shown in the next 
Vu-graph. 

(Figure 8-81 

This is a very simple circuit diagram. The 
discharge current and internal switch current were monitored 
across 1-milliohm shunts incorporated into the circuit. The 
cell is equipped with a sensimetric pressure transducer, 
permitting the cell’s internal pressure to be followed. 
Thermocouples in the test chamber and affixed to the cell’s 
surface gave temperature data, and the EMF between lithium 
reference and both anode and cathoae terminals gave data on 
internal polarization effects. 

All parameters were rscordcd using a Fluke 224OP. 
aata logger. A strip chart recordinc was made, in aadition, 
as the cell went into voltage reversel. 

(Figure 8-9) 

This slide is for one of the cells discharoeo, ano 
typifies the results obtained at 12 imps discharge current 
and zero degrees Centigrade. The cell vol taae commences at 
3.25 volts, holds a plateau, and then, reaching about 2.t; 
volts, rapidly declines to a negative voltage of 120 
millivolts negative. 

At zero volts output, the internal switch 
operates. The shunted current, throuoh this internal 
switch, rises rapidly from zero and reaches a plateau of 8.4 
amps, which is approximately 74 percent of’the force 
discharge current, which was 12 amps. The cell voltaae 
remains clamped because of this, at a low negative potential, 
and is only 132 millivolts negative at the end of test, after 
189 hours beyond zero volts when the test was terminated, 
for 2262 ampere-hours of reverse voltage. That's greater 
than 150 percent of the cell's 1400 ampere-hour capacity 
rating. 

(Figure a-10) 

This next slide shows the information gained from the 
lithium/lithium ion reference electrcde and demonstrates 
a carbon cathode limited system. Ancde polarization 
was about 50 millivolts during normal aischarge, and about 
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90 millivolts during the reverse voltaqe force discharoe. 
The cathode displayed, meanwhile, a LO millivolt neqative 
voltage with respect to the lithium reference electrode 
ourino reverse voltaae. 

These voltages were held till the end of test. 

(Fiaure 8-l 1 > 

The temoerature cata are shown in this Vu-Graph. 
One sees the ambient refrioerated teK.per?ture of zero 
aegrees plus or minrls 2, with the cell remainino at zero 
except for a brief excursion to plus 4 degrees Centigrade 
during voltage decline, due, undoubtedly, to the heating 
effects of the heavy, ool.arized carbcn surface. 

It’s worthy to note that the internal cell 
pressure commences at -2 psi claoe ant at the end of test 
only rose to plus !i csio, after 289 hours at 12 amps. 

(Figure n-l 2) 

The data from the 6 am3 diccheroe at 27 degrees 
Centigrade ambient are similar, as shown in this Vu-craph. 
The cell voltace holds 3.47 volts, a little hiqher, of 
course, than for zero decrees, for a oeriod. It’s 
reasonably constant until 2.2 volts is obtaine:j, when 
there’s a rapid drop: in this case to -hO rnillivclts. 
Again, as the cell voltage crosses zero volts, the internal 
switch closes, and the shunted currert rises to 4 amos in 
this case, thereby shunting, again, two-thirds of the force 
discharge current. The cell volteqe remains clampeo at, a 
mere 60 millivolts negative for the duration of the 275 
hOLJI-S or 2163 ampere-hours in voltage reversal. 

(Fiqure c-13) 

lhis is the reference voltFoe oatn. 

.The reference voltage data, aoein, shows a cathoce 
1 imi ted desiqn, with a 50 millivolt anode ,oolarizaticn witlh 
respect to lithium/lithium ions, ant a 20 inillivolt necative 
potential for the cathode with respect tc the reference at 
the end of test. 

(Figure 8-14) 
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Ihe temperature and pressure data are shown here. 
Ihey show no internal heating or unaue pressure rise. Cell 
temperature remained flat at 27 degrc-es, plus or minus 3 
degrees, with only diurnal effects evidence. The ceJ1 
internal pressure rose from 2 psi gaqe to lb psig at the 
completion of the 150 percent voltage reversal. In this 
case you cannot see any temperature rise as the cell went 
through zero volts, and maybe a very slight hump on the 
pressure, a psi or so. 

(Figure C+lrj) 

This final Vl.J-graph summarizes the reverse voltage 
data for the series of 1400 ampere-hour cells tested. 

During this test prooram, not one cell vented or 
showed any siqnif icant temperature or pressure excursion, 
and the Navy requirement for 2100 ampere-hours of discharae 
in voltage reversal was easily obtained without incident. 

Ihe internal switch mechanism consistently sFIUnted 
two-thirds of the force discharce current, and held the 
negative potential to 65 mill.ivolts plus or minus 5 for the 
6 amp discharge at 21°C and 125 millivolts plus or minus 5 
mill ivolts negative for the 12 amp discharge at zero degrees 
Cent iarade. 

The effects of the switch in shunting the majority 
of the current allows for a prolongeo cathode limited 
system, where the lithium anodes are not consumea for the 
ouration of the extensive reverse voltage condition. 
rtithout a shunting mechanism I nave lound that the anoae 
Jimiteo situation is reaches very cuickly in voltage 
reversal, and danqerously hiah negative potentials are 
attained once electrolysis reactions are fcrcea to take 
place. 

The reliability of dencritic shuntinq oetween 
anode and carbon by lithium plating reaction is not, in 
itself, reliable for thick cathodes in cells. Cathone 
limited cells can freouently revert to anode limited cells 
durino reverse volteae unless the current is otherwise 
diverted, as in the cells describec. 

Ihis reverse voltage testing of a series of active 
cells of improved grid design completes the FlEDiJ development 
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for the Navy. The summation of the oata from the testino of 
200 cells over a three-year period hes demonstratea unique 
safety features early on. Now with the completion of the 
reverse voltage work, the technclogy is ready for 
application in battery systems. 

The ce31 design offers the adventage of ease of 
scale ability to cells of different capacity and aspect 
ratios. The location of electrode terminals is optional. 
The cell case is hermetically sealed, has hioh vacuum 
inteority, and no discharge prOdiJCtS can escane to the 
exterior environment. ‘There is no technical barrier to the 
immeaiate and safe application of this cell to a varietv of 
battery conf isurations in ruqoeci envjronments. 

Thank yowl . 
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EXTERNAL PRESSL;RE S?RISG LOAD:3 

SPRING RETAINER 

ABSORPTION MATERIAL 

lIElID COllTAINtICNT STllUCTURE 

Figure 8-1 

Figure 8-2 
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Figure 8-8 

Figure 8-11 

Figure 8-10 
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HIGH-BATE LITHIUM THIONYL CHLORIDE CELLS 

F. Goebel 

GTE 

The conductivity of non-aqueous electrolytes is 
considerably lower than measured in eoueous electrolytic 
solutions. These differences have an effect on the 
discharge rate capability of the battery. CIurrent densities 
of 100 milliamperes per square centin:eter in cells ~~/iitl-l 
alkaline electrolyte, for instance, :re standard. 'r0 

obtain high current rates from lithicn SOC12 cells, special 
electrode designs in conjunction with optimizing: the 
electrolyte conductivity are requirec. 

For low rate discharge, less thnn 1 milliampere 
per square centimeter, the bobbin tyy,e cell with very th,ici: 
ana low surface area electrodes was cesicneti. 1 I? e 
geometrical electroae surface area ofnr;ity of these cells 
toes not exceed one square centimeter per cuxic c?17+i?;~‘ter 
electrode volume. Fcr higher currenl densities th::n I 
milliampere per squclre centimeter, these tvpe of cells 
become less efficient due to diffrlsicn problems within the 
thick carbon cathodes. 

In order to achieve hiqh CL?-rent rates from 
identical cell volumes, it is necessc^rv to re3uc2 diffusion 
paths within the cell, and to increase the electrod-? surf*?ce 
area density. 

This basic information resulted in the develoorqent 
of the so-called jellvroll electrode structure and disc 
electrode confiauration for cvlindrical cells. 

The Jellyroll confiauration uses thin strips of 
anoue and cathode material whici are rolled IJO in a spiral, 
wound together, with a separator insulatin? the active 
materials. 

(Figure Y-l 1 

The enas of the individual electrodes are 
connected by welding metal strips to thn corresponainq 
terminals of the cell. In a case whEre rorlnd disc 
electrodes are used, a lsrge number cf electrodes are 
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stackea on top of each other, alternating anodes and 
cathodes, with senarators in between. 

(i-‘ioure 9-2 1 

Each electrcde disc has direct contact to the 
terminal, which, in this configuraticn, is a center rod for 
all the lithium anodes, ano the ceJ1 case serves as a cornmon 
terminal for all the cathoaes. 

The disc cell design has scme advantsces over the 
iellyroll configuration, si.nce each electrode disc 1.1~~ its 

own contact to the current collectcr, Whose maxi PIurn 1 enct!) 
never exceeds the radius of the cell i which results in a 
minimal I,? loss for all the electrcces within the stF.ck. 

This arrangement has demonstratec uniform ano 
maximum material utilization as well as hich clrrrent drain 
capebility. 

T.he specie! ly designed catt;c:le su5strate is ma?in~ 
contact over its entire neripherv to the steel cirr;e as the 
crlrrent coJlector, which establishes a oracient. in discI7proe 
profile, beino sliohtly hither on the o!rtsioe than toward 
the center. This discharge profile ~110~5 an anode liniteo 
design, which is one of the major safetv featllres within 
this type of cell. 

both systems, the jellyroll and the disc electrode 
design, can be constructea with an electrode srlrfnce area 
censity of IO square centimeters per 1 cubic centimer 
electrode volume, which is one order of magnitude larger 
than within the typical bobbin-type confiourat ion. 

The increase in surface arca by one oroer of 
magnitude effects in the same proportion the disc?srce rate 
capability of the cell. 

lhe hip5 rate C cell has been aischaroed at 
constant loads to establish the capacity at different 
current densities, ranqinq from 1 mill iamyjere per square 
centimeter to 10 Iliilliarnperes per souare centimeter. 

(Figure (i-3) 

At the nominal rate of 210 mi3liamperes. which is 
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equivalent to the 2S-hour rate, YO percent of the anodic 
capacity can be obtained at a 3-volt cutoff. The cell is 
able to discharge at much hither currents, as the other 
curves on this slide indicate. At 1 ampere, for instance, 
the seme cell aelivers e,cproximately 4 amoere-hours, at a 
2. I ampere uischarqe, 3 ampere-hours, respectivelv, without 
any hazarcous condition resulting. 

Low temnerature testing was performed at -40 
cieqr ees C at a nominal rate of 210 milliamperes. lhe obtained 
capacity to the 3-volt cutoff was 2.i ampere-hours or 2-1 
percent of the room temperature capacity. After the -49 
deqrces C discharae, the cell was elJowsd tc recover to 
room temperature without any load enFliEd, and then 
cisch:>rged again to e 3-volt cutoff. 

(Fiaure 3-4 1 

‘The additional capacity of 2.(?d amnere-hcurs acded 
to the capacity obtained at -40 dec?rFes C reslr1t.s in 3 total. 
cf about 5.04 amnere-hours, <.+lhich is 09 rercent of the maximum 
capecitv which was achievec at a discharce of 22 deqrses C. 

‘i-he cell was not optimi7ecl in electrolyte 
concentration for low temqereture performance. In the 
meantime, nowever, it has keen demonstrated at Cl&E that 
loher concentrations than 1 .d molar Ere more efficient in 
cathode ut il i zation than hither cone entrct ions. 

AblJSe test inc: An aL;use test procram has been 
conducted in the operational and non-oporetional Tlodes. 

(Fiaure U-5) 

This test flow diagram identifies the abuse tests 
performed and the respective secuence of tt?s%inc:. 5:c.tI test 
within the flow seduence is identif iE:d ‘0~ a ‘Jnicue reference 
number. k-11 test samples vdere hidh-rate C cells oi 
identical design, end were all Jithi~m-limited. Jn this 
re,port, however, only these test results are discussed which 
are sianificant for the characteriration of the hiah-rate C 
cell. 

Non-opera; ional abuse: Senrlence Yes. I. 4 and 5 
identify the tests performed 07 the high-rate C cells, which 
are characterized as non-operetionel tests. Test conditions 
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and the results are seen in the next slicies. 

(Figures 9-6 and 9-7) 

lhere was no hazardous conoition at any time, and 
the electrical and mechanical integrity was maintained 
throughout the entire test sequence. The discharue of the 
cells involved in Test Seatience Nos. 1 and 4 resulted in 3.8 
and 3.6 ampere-hours respectivelv. ihere was no capacitv 
loss on cel.ls which were subjected tc a drop test. 

Operational abuse: Tests performed under 
operational abuse included charqino, overdischarqe, external 
short circuit, cell penetration ant cell crush. 

Cell charqino was performec with a constant 
current of 210 mill.iamperes, and these conditions were 
maintained until all parameters had stabilized. 

(Fiqure Y-l;) 

The maximum voltage during the tests was 4.3b 
volts, with a maximum temoerature increase of approximatelv 
13 degrees Centiqrade over a 4-hour and 20-minute test 
period. There was no visible or apparent evidence of aamage 
or deterioration as a result of the test. 

t3n overdischarge, the test sample was oischarqed 
at 210 milliampere constant current, and driven into 
reversal at the same rate. 

(Figure Y-9) 

The cell was overdischaroec for 24 hours without 
any apparent evidence of damage or abnormal behavior. The 
maximurn temperature on overdischarqe was 5 to 6 degrees 
above ambient shortly after voltage reversal. At the 
end of the test there was onlv a small temperature 
difference between the test sample and the test chamber. 

Short circuit testing was performed on a fresh 
high-rate C cell and on an identical cell which was charclod 
and then discharqed to the 3-volt cutoff accordina to Test 
Sequence No. 2 in the test flow diagram. In both cases, a 
IO-milliohm load resulted in a suroe current of 45 amperes. 
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(Figure 9-101 

At that point the internal contact between the 
current collector and the feedthrough acted like a fuse and 
burned, as confirmed by post mortem analysis. The 
temperature after the short test was still rising to about 
29 degrees, and then .dropped back to room temperature, and 
no other abnormal behavior was realized during this test. 

The crush was performed bv reducing the ceJ1 
diameter to 50 percent of the orioinel size between two 
quarter-inch diameter anvils. The ceJ.1 exploded seven 
seconds after the cell voltage dropped to zero volts, 
indicating a short circuit between the metallic hart-lware of 
the cathode and the lithium. 

The skin temperature of the cell reached a maximlum 
of 70.2 degrees Centigrade. A visual examination incicatlo 
that the cell top was missing from the can, and ebout 
one-third of the upper electrode stack was ejected from tt-12 
can by force of the explosion. lherc was no fire after the 
explosion had occurred. 

Cell puncture test was oerIormed with a 
quarter-inch diameter dril3 at mid-height of the cell 
perpendicular to the longitudinal axis. A drop in cell 
voltage to about the 50-miJlivolt level incicated a uirect 
short between the anode ano cathode. Vc exolosion occurred. 
There were sparks visible for about, two ?nd a half minrjtes 
before a continuous flame was evident, and the cell cas? 
temperature rose to over 500 decrees Centiqrade. The fire 
ceased after four minutes after initjation of the internal 
short. 

Conclusions: A hioh-rate C csll with disc 
electrodes was developed to demonstrate cl.lrrent rates which 
are comparable to other nrimary svsttms. 1 he devel opmen % of 
this cell has proaressed to the ooint that a csrtain amount 
of risk must be accepted that, under sorqe condit.ions like 
crush and puncture, they mey ignite or explode. 

.The tests performed in this study established the 
limits of abuse beyond which the cell became hazardotIs. 
nork is continuing, however, to minirrize these safetv 
limitations. 
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Finally, we would like to t.hank Vvriaht-Pat Air 
Force Ease for their support of this qroqram in its initial 
part. 

‘Thank you very much. 
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DISCHARGE OF 
HIGH RATE C-CELL AT -40 OC AND R.T. 

I 1 I 
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Figure 9-4 

HIGH RATE ‘C’ CELL TEST FLOW DIAGRAM 

Figure 9-5 
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YCTCELL EVALUATION TEST SUMMARY 

NON-OPERATING ENVIRONMENT 

TEST CONDITIONS 

SALT WATER IMMERSION 3.5% SALT SOLUTION l ELECTRICAL/MECHANiCAL 
(FRESH CELLS) @ ROOM AMB. TEMP. INTEGRITY MAINTAINED 

15 HOURS 

TEMPERATURE STORAGE, HIGH 30 DAYS @ +71'C 
(FRESH CELLS) O.C.V. CONFIGURATION l OCV STABLE, NO 

VARIATION 

Figure 9-6 

"C" CELL EVALUATION TEST SUMMARY 

NON-OPERATING ENVIRONMENTS 

TEST 

SHOCK, IMPACT 
(FRESH CELLS) 

CONDITIONS 

100 g's, 23 MSEC's 
HALF-SINE PULSE 
( SAXES) 

RESULTS 

l ELECTRICAL/MECHANICAL 
INTEGRITY MAINTAINED 

VIBRATION, SINE 
(FRESH CELLS) 

_..._. -- 

0.1 INCH (D.A.) 5-37 Hz 
7 g's (PEAK) 37-2000 Hz 
(3 AXES) 

l ELECTRICAL/MECHANICAL 
INTEGRITY MAINTAINED 

TEMPERATURE CYCLING -65'c to +71°C l ELECTRiCAL/MECHANICAL 
(FRESH CELLS) (5) 24 HOUR CYCLES INTEGRITY MAINTAINED 

l NO CELL DEFORMATION 
RESULTING FROM TEMP. 
CYCLING 

ALTITUDE 50,000 FT. @ +25'C 
(FRESH CELLS) (6) SIX-HOUR STORAGE 

. ELECTRICAL/MECHANICAL 
INTEGRITY MAINTAINED 

. NO CELL DEFORMATION 
RESULTING FROM REDUCED 
PRESSURE. 

Figure 9-7 
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FACTORS AFFECTING CYCLE LIFE IN AMBIENT TEMPERATURE OF 

SECONDARY LITHIUM BATSERIES 

R. Somoano 

JPL 

I will be givina a talk in place of one by Burt 
Otzinger. The talk will concern factors which affect the 
cycle life of ambient temperature secondary lithium 
batteries. This work is sponsored by NASA’s Office of 
Aeronautics and Soace Technologv, by Judy Ambrus. 

The technology fcr secondary lithium batteries i.s 
somewhat behind that of primary lithium batteries. A lot of 
the work that we are presently doino at JPL is more research 
oriented in natrlre. Nevertheless, it’s really quite clear 
that one of the principal factors which inhibits current use 
of secondarv lithiurn systems, especially on spacecraft. is 
the very limited rechargeability, or cycle life, of lithi!lm 
svstems. 

In particular, we’re interested in cycle life of 
the order of 500 to 1000 cycles. The fact that we can net 
100 cycles is good, but not enough, and we feel we have to 
understand and optimize all the dominant factors which 
control cycle life in order to obtain the desired performance 
and meet this very demanding cycle life goal. 

So during this talk l’d like to describe some of 
our thoughts, some of our results, ccncerning this very 
complex problem of cycle life. IherE are nuite a few 
factors that contribute to cycle life. I’ve listed ti-.ree of 
these that are of interest to us. 

(Figure IO-1 1 

The first one: electrooe intearitv. Ihis stems 
from the fact that the type of system we are rising utilizes 
e lithium anode and a titanium disulfide intercalatable 
cathode. And the problem is, simply, that upon 
intercalation or de-intercalation -- that is, upon discharge 
and charge -- the TiS2 lattice expands and contracts plus or 
minus IO percent. This leads to a brea!<up, or loss of 
particle contact, intergrain contact, ano disruption of the 

123 



lllllllllll IIIIII llllllllIllll lllll Ill I I lllll 

electrode morphology and geometry. 50 the actual mechanical 
integrity of the electrode upon cycling is a very real 
problem and a potential failure mooe. 

As I will show, the conventional way of making 
cathodes is really quite time-consuming, and I will describe 
some alternative approaches which we've taken, in which we 
use, for example, polymeric elastomers to improve cathodes 
integrity. The lithium anode also has its problems if you 
try to alloy it, for example, with aluminum. But I won't 
be talking about the lithium electrode; but rather the TiS2 
cathode. 

The second problem, which is reallv quite 
important and quite funaamental, is the electrolyte 
stability. Ihe problem here is that we are interested in 
ambient temperature operation, and, therefore, our focus has 
been mostly on organic electrolyte. I will be particularly 
talking about lithium arsenic hexaflcride dissolved in 
2-methyl tetrahydrofrlran (;i-meTFir). -rk problem is very 
simple; upon charging the highly reactive electro-tieposited 
lithium reacts with this organic electrolyte. I t deqrad es 
the electrolyte, it degrades the cycJe life, it gives rise 
to a very important passivation chemistry which can 
dominate, or control the cell performance. So we’re very 
interesteci in understanding what the limits of this 
electrolyte are, so that maybe we can come aoout ana develop 
better electrolytes, because, indeed, we think we need 
something better then what we now hale. 

Finally, and related to it, I’d like to c’iscuss 
some of our thoughts on dendrite formation. Most of the 
ambient temperature secondary lithium: ceJls have failec 
because of dendritic shorts. The usual approach has been 
to try to put more wraps of separator, and to develop better 
separators. And our feeling at this time is that we'd like 
to see if there's something we could do to control the 
morphology of the lithium anode during plating and inhibit 
dendritic growth in the first place. I want to now discuss 
this idea about the cathode. Again, the problem with the 
cathode upon cycling is that it really isn't elastic enough, 
it doesn't contract and expand the TiS2 particles as well as 
you'd like. 
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(Figure IO-21 

This is the common procedure for makina the TiS2 
cathode used by many people in the field. The binder for 
this material is Teflon. It has a meltinq point of around 
327°C. 

Normally you take Teflon and TiS2 and you ball 
mill it for, let's say, two days. The idea is to break up 
the particles, get smaller and smaller particle size. You 
may or may not want to use carbon black as a conductive 
dilutant or expander. TiS2 itself, is semi-metallic. One 
then takes this mixture and you put it into a mold and you 
heat it to, say, 350 degrees Centigrade, under pressure. 
And, from that, we get our final electrode, which is in 
a flat planar geometry. 

This electrode is very brittle, and incapable of 
yielding cylindrical or spiral geometries. And the main 
problem is, after you cycle it quite a few times, you can 
look at it visually and see that the electrode is starting 
to lose its mechanical integrity, it's starting to break up. 

There are several thinos about this. First, of 
all, you can see that a lot of these things here are just 
arbitrary. It’s also suite labor- and time-consuming. Ou r 
epproach was really to try to come uy. with some alternate 
way where we could make these cathodes simpler, so they’d 
be a little more flexible, e little rrore elastic. end 
maybe let us qet them in another type of qeometry. 

lhe approach was to go to, instead of Teflon, to 
00 to a polymeric material, an elastomer. Polymeric 
material you must think of like rubber. And if you’re above 
the glass transition temperature it has rubbery 
characteristics, if you’re below the qiass transition 
temperature it’s a glass, like a bowiinq ball. Teflon is 
like a bowling ball. 

So. as I’ll show you, for each different 
electrolyte solvent that yol!‘re interested in you might need 
a different type of polymer. 

(Figure IO-31 

I-'11 show you the particuler polymer we‘ve been 
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using for the .X-methyl THF system, and then I’ll describe to 
you how one can go about selecting these types of systems. 

lhis one right here is called ethylene/propolvene/ 
diene-terpolymer (EPDM). It’s reaJly a very common 
co-polymer. It has a molecular weight of about 100,000 to 
200r000, and it’s a very elastomeric material. It’s 
commercially available, you can buy it from Exxon , you can 
buy it from iiniroyal. Its glass transition temperature is 
around -60” C . 

(Figure IO-41 

This sliae compares cathode fabrication using a 
polymeric binder with what 1 showed you in the earlier 
slide= 
lhe polymer is dissolved in a very common solvent, 
cyclohexane, for example, and then ycu take IiSZ, in 
a powder form, and you add it to this mixture to yield 
approximately 5 percent binder for tt’e cathode; compared 
to 8 to 15 percent leflon and carbon black in cathodes 
made by the common proceaure. 

nell, because of the molectrlar weioht of the 
polymer, what you get is a very nice paste, end vorl can 
paint it on nickel dxmet and get a verv nice, uniform 
cathode. Ihis cathode can be rolled, it can be processed 
into cylinders, spirals and what-not. 

In our cycle tests of these materials they’ve 
always, as soon as we comoare them with the Teflcn-based 
cathode, we always aet greater cathoce utilization usinc! 
polymers, as compared to the cathode. If you cvcle them ‘x0 
cycles, like 50 or 80 cycles, the polymer-based cathodes 
always look much better, they look. almost as oood as they 
did with you started. The Teflon-bonded polymers tend to 
show some disruption, some cracks: you know, flaws. 

(Figure IO-51 

lhis is really just some photos of this. Ihis is 
what one looks like after I20 cycles. Lou can see you can 
make spirals very easily, very tightly-wound spirals. This 
has 5 percent polymer, but you can use as little as 2 
percent and not influence the performance. Ihe picture 
aoesn’t show it very well, but after 120 cycles it’s still 
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quite flexible. It's a little darker, but it still looks 
very smooth. 

(Figure IO-61 

This merely shows that you don't need nickel 
exmet. This is just the TiS2 without nickel exmet. 

(Figure IO-71 

This shows what I would say are some of the 
desirable features that you would like to use in a polymer 
binder. Incidentally, there is nothing magic to lithium. 
It can apply to zny battery system il one is interestea, and 
has this problem. 

Ahen I say “soluble in common solvents,lt that 
means a solvent that's inert to your cathode ana active 
material, like TiS2: in this case we’re talking abcut 
soluble in, say, AyLrocarbons. 

The low Tg, that really is determined by what load 
temperature operation you seek. If you want to work at -40 
degrees C and your battery system is capable of doing it, 
like to have a polymeric binder that has a Tg of, say, -60 

you'd 

degrees C. So this temperature right here can sort of limit 
your low temperature operation. 

As I mentioneu, high molec~llar weight merely gives 
you 2 more viscous solution out of ix. 

iinally, cne doesn’t really havn to guess at what 
icinc; of polymer to use for a particular electrolyte, one can 
use the concept of solubility Fararlreter, which is fairly 
V.ell kno,An in solution theory, to actually compare a given 
Linctr, poly::ieric binaer, with i potentiF solvent. 

(Figure I O-8 1 

1’11 go through this somewhat quickly. Basically 
thic Just oefines the solubility pi3Emeter. It comes from 
t!>e free energy of mixin?. This was all done by Hildebrand, 
snci 1 think he’s still doing it. tut the solubility 
paren,eter is proportional to the energy density end to the 
surfece tension. 

i ~ - 
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All these factors are readily found in the 
literature for almost any rrrateriai yc~~‘re interested in. If 
you look down here at the calculate0 values, for example, 
here’s the solubility parameter of 2-melHF and EPi)M. And YOU 
see they’re reelly auite close. Ii you compare the 
solubility parameter of 2-meTSF with Teflon, that’s a 
significant difference, and, indeea, it’s this closeness 
that allows the electrolyte solvent to wet the cathooe. And 
there’s a problem with wetting, right here, with the Teflon 
ano 2-m e THF . 

30 the whole iuea is that you’re trying to pick a 
solvent, calculate the solubility parameter, and then start 
looking for the polymers you’re interested in, and calculate 
those solubility parameters. And if they’re close, it tells 
you they’re compatible anu they’ll wet one another and 
they’ll maybe cet in there ana swell some. 3 

If we wanted to work with propylene carbonate, our 
tit-‘W elastomer would not be suitable. i\ie’d have to find 
some kind of polymer that would have a solubility parameter 
near 11. 

(Fiqure 10-Y 1 

So as far as our stuuies about trying to improve 
tile cathoue integrity, we think the elastomers are a very 
nice ueveloplllent: they’ve helped us cuite a bit. iv e 
routinely now use spiral-wound and cylindrical-wound 
cathooes where, in the past, we were stuck with planar 
qeometr i es. ,ye seem to cet much better cycle life and cycle 
caixfcity. 

The other interesting this is that a lot of our 
work has involvea electrochemistry, in which we need micro 
electrodes of, say, li!3,i. tie’ve never been able to oet 
suitable micro electrodes using conventional Teflon type 
bincers. L,dith these polymeric binders you can qet these 
types of micro electroces and allow you to do these studies. 

And, finally, as 1 mentioned eerlier, the 
volubility parameter takes some of the black magic out of 
it; you can actually use a little locic to help you choose a 
system of interest to yo:l. 

I’d like now to discuss the second topic in which 
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we’re interested as far as cycle life, and this, again, is 
the electrolyte stability. This is really one of a lot of 
interest and importance to us, since this is a very 
significant problem. 

With the 2-meTHF system, we-‘re really primarily 
interested in the oxidation potentials and the reduction 
potentials of this system. 

(Figure IO-101 

?‘his shows a typical lithium TiS2 charging cycle, 
and this is with the electrolyte lithium/arsenic/ 
hexaf luoride, 2-me?EF. And one of the problems we’re 
interested in is riqht here when we’re charging. In a lot 
of these secondary lithium systems vou find that YOU get 
solvent polvmerization, and all types of chelnical reactions 
occur right up here near this end ,ooint. And the auestion 
that we asked ourself is, Row forqivlng is the system? If 
we have a battery with stacks of cells and we accidentally 
overshoot, what wi! 3 hapFen! And also we’re interestea in 
trying to find out what har:pt‘ns anywi-y, so that we can mavoe 
try to improve upon it. 

;vell, what we have done is carried out suite a bit 
of electrochemical studies-- And l’n: not going to go into 
the actual measurements, they’re very stendaril cyclic 
koltametry studies. --in b!hich we’ve used various 
electrodes, sucn as platinum, nickel, liS2, anJ various 
salts and solvents that help us aeconvolute the aata. 

ive’ve askec! ol-lrselves: Rhen we get near this 
rec;ion, what is happening at both the electrodes, both the 
oxication region ant! the reduction region. 

(Ficjure 10-l I) 

This shows where we’re at right now. y\le/ve 
elucitiated some of the oxidation properties of this system. 
This is the same slide, the same graph, you just saw. And 
then there’s a break right here. Ant then we see the other 
voltages. 

The point of this is that L-meTHti indeed has 
a very high oxidation potential: you know, it’s really ouite 
forgiving. And I think this is one cf the excellent 
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characteristics about it; in fact, the TiS2 oxidation, if 
there’s any exposed nickel, in fact, you can have problems 
with those being oxidized first. 

r:Jhat this really tells us is that we know from 
some earlier surface studies we’ve dcne that there is a 
aeqradation problem occurriny with this electrolyte. 4 I’ e 
con/t really know how severe it is. 31Jt if it’s occurrina, 
it’s more likely due to solvent, recuction by the lithium 
it’s more likely due to solvent reduction bv the lithium 
metal, the hiqhly reactive electro-deposited lithillm metal. 

Anu so to try to improve this system, what you 
mioht like to do, for exemole, is to try to make it more so 
tnat it’s not so easily reouced; you’d like to maybe raise 
the enefqy to the lowest unoccupicu molecular orbit level a 
ii tt lc hi(:ner, so thet lithium hr7s to pay more of a ,orice to 
conate that electron to the 2-ineTHF rlolecule and cleave 
i-,:-i2 r-in<!. 

‘n tne time we ‘were ooino this work we started to 
I.22 J ize t;lt;t r: .- ?,:uction potential is, indeed, the dominant 
,pr.obl em. Acain our ccncern is that we haven’t been able to 
11;easure recucti~n potential: I neqlectec to mention that,: 
Frimarily, because of the time, lithium plating is masking 
i+ iy usinq some other salts 
I: ; :-; 5, ] 1 y 

Fnd sclvents we hope to 
g2e.t the actual number of volts for it. 

Uur concern is that this solvent, 2-meTHE may 
be reduceo rioilt near where lithium plates. And then it’s 
not too forrivinc’. On the other hand, it mav be a lono ways 
u p * ‘~5% like we sati over here. 
continuing our studi es. 

So that’s why we’re 
but in the process of doina this, 

we ceciued to look for o%her systems which we ielt micht 
I-1 3v E, improved redJct ion capabi li tv compared to 2-meTt1F. 

(Figure IO-1 2) 

Zne such svstem is het erncyclics. These are based 
on the suli’olane system. In piece 01 the oxyoen in 2-meT7F 
v,? now have sulfur. P.nd there Fre several of these 
things here. 

Leveral ooints to mention. You might notice the 
low lileltin$ ooin%s here. lhat means it’s fairly difficult 
to use some of these at room temperature: YOU might need to 
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heat them up to 40 or 50 degrees Centiqrsde in order to get 
enough viscosity and some good motion of the liquid. 

The literature shows that this system has quite a 
wider electrochemical domain, you might say, than 2-melHF 
ano also the literature sur,-gests that it has better 
plating characteristics; that is, oendrites are not that 
severe a problem. 

1’4 e ’ v e Just startea doing scme work on this system. 
and one of the interestinq facts is if you take lithium/ 
arsenic/nexaflouride and dissolve it in eny of these 
solvents, th3 conductivity at about, say, W or 50 degrees 
C?ntiyr6der is si!qilar to what we hat earlier with the 
;: qe”.‘j-* A” A . Anti if you f?o to t3.Z or 30 ceqrces Centiqrawe 
YOU ccn ,-io!-isle that conductivity. 

lije point associcted with this is that it has a 
kery lOW V;-!:)or pressure, Z-mePi-:i has a very high vapor 
f2T255urer end 02~: cor.stant?y has a problem in sealing cells, 
In,3kinc; t!>ein 'ii( . ‘11-,t, 7rot;iem is not nearly so critical 
I-:(: r e . So if you [wish to ‘Nor-K at 30 cegrc es Cen tigrace, you 
can oo it, althouc;;h then you have a little problem with the 
salts. 

Zne, incidentally, can alsc IJSE miXtllreS of this 
End 2-i-1 eTi IF, an3 you get 2 little Icvier temperature 
0 pe r i: t i on . Clbviously you're ooinq tc? cor,lpromise and 
sacrifice soryething when you do it. But there are quite a 
few alternatives available. 

(Figure IO-131 

lhis shows some cycle life data. Lithium/arsenic/ 
riC?XEItlourii1e, 2-meT11F, :tiiti-! a lithiulr, electrode and a 
liS2 cathode. Ihis is the percent 01' theoretical capacity 
versus the num3er of cycles. And there are two cells here: 
these are what has been termed llpractical laboratory cells,” 
they're spout- 400 ::lillizmp hours. And this is the data I’ll 
L;e talkins about. 

'The c;ischarqe data is about 2 milliamps per square 
cent imeter. Theso are ootn cylindrical end spiral wound 
cathodes, using this polymeric binder that I mentioned. 
t\e're talking about 62 cecrees Centiqrace operation at about 
100 percent depth of discharye. And in the cycle we used 
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about 1 milliamp; that is half the discharge current, 1 
milliamp per square centimeter to charge. 

As you can see, this right here shows really some 
olaer aata that Gerhard flolleck presentec here, oh, two 
years ago. This is on some lithium/Ersenic/hexaflouride 
2-meXiF cells, and I think they probably have some data 
that moves further out here now. 

Eut you see, the sulfolane system does get some 
very nice cycle life. Here at 30 percent capacity we just 
;rbitrarily cut the current in half, the discharge current, 
ano let it continue. lhis one (Cell Yo. 2) we stopped for 
post mortem stutiies. This one riaht here (Cell No. I) is 
noii running up to 350 to 4-W cycles. 

There are some other intercstinq features here. 
‘ihe thinc; we don’t like is, the capacity is aropping with 
cycle life. ;ie would all like to see thet. 3ut we have a 
ways to go. 

Ihis is around half a percent per cvcle in here, 
snd you can tell there’s actually a plateau. ‘This is about 
.2 percent per cycle. This right here is about the same as 
you have over here, a half a percent per cycle. 

So this shows that just having some understanding, 
or some indication of how your electrolyte is degrading can 
Give you some insight on what better electrolvte to choose. 
c”ie’re still working with this, and we hope to improve upon 
it. t3lJt, indeed, it does give us some nice cvcle life. And 
one of the ways that we feel that we’re able to use it quite 
well was because of the polymeric binders which wetted the 
cathode quite well. This sulfolane b,ould not wet the IiS 
cathoue. AAnd, in fact, either klliec chemical or Union 
Carsi.de has a patent on this as a primary lithium cell 
electrolyte. And you can tell from the electrolyte they 
tried, or listed in the patent, they tried to make it a 
recyclaole one. dut, acain, it’s the wetting problem. 

So this is where a polymeric binder might give you 
e little more flexibility and allow you to look at some 
systems thit you miaht not be able tc otherwise. 

(Figure 10-14) 
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Finally, I’d like to discuss this idea of the 
dendritic formation. Now this is some very preliminary data 
that we’re doing with Burt Otzinqer et Rockwell 
International. 

Essentially what we've been'doing is looking at 
some batteries made by EIC: They're cells, 5 amp-hour cells. 
And we had tested some of these at JPL, a very few of them, 
using constant current charging, which is a typical 
technique here. And these cells had failed, and the current 
voltage characteristics showed very clearly that it was due 
to dendritic shorts. So our feeling was that, if you 
remember that 1ithi;lm TiS2 curve I showed you, as we qet up 
near 3 volts, the voltage is just climbing straight up 
there, and here we are forcing, in our case, 300 milliamps 
back onto the lithium electrode at a very high voltage. And 
what this does, with a high electric field, if there’s any 
type of morpholooical perturbations on that lithium 
electrode, you’re just going to enhance, or exacerbate the 
oenoritic formation. 

So what we’re interested in trying is seeino, 
well, can we try to plate back a little more gentlv using 
something like constant voltage and e tapered current or 
pulse tapered current mode. And that’s what some of this 
is: this is lust tapered current charging. 

We got 25 cycles, and this stopoed at one of these 
oatteries, mainly because we acciaentally overcharqeo it. 
The only other cell we’ve looked at has gotten 53 cycles. 
lhis is shown right there. This may not look like a lot of 
cycles, but really this is a fairly large cell. And YOU 
have to realize, this cell was made in early IV-19 in a set. 
50 this is not too bad. 

&e’ve used current aensities that are reallv 
fairly high here. This is of the oroer of 4 to 5 milliamps 
per sauare centimeter. And this is normally where we used 
to work. Ano working in here, going back up, when we reduce 
the current density, the discharge density, we recover most 
of the capacity. ‘r;e got auite e bit of capacity very earlv 
in the cycles. Normally it takes 4, 5, 6, 7 cycles before 
it levels off. 

So it’s really too early tc say just how effective 
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this may be. But at least the very limitea aata we have 
looks auite promising. 

SO, in summary, we feel thet the cycle life 
problem is really very important, and it’s really quite 
complex, and one is not going to solve it by staying in a 
lab and dreaming up new electrolytes. One is going to have 
to look into electrode engineering, to other modes of 
charqina and handling these materials, as well as packaging 
them. Certainly the electrolyte is e very critical problem 
that has to be solved together :Jith them. 

Thank you. 

!11 SCUS~ION 

VENKATESAI?! (EC2 1: I have two questions. 

;qhat is the compatability of EPDM for aqueous 
solutions? 

And, I think in one of your graphs the axes must 
have gotten mixea up. lhe chargino curve, I think it is 
Lr-e~:h Ido. 25-11. 1 think the labeling of the X and Y axes 
cot mixed up. 

SOMJANO : I don’t know the compatability in 
aqueous solutions. ne’ve not worked with them, so 1 oon’t 
know anything about it. 1 can find out for you, though. 

VENKPTES AN: Can you use the same criterion you 
use to evaluate it to see whether it is soluble? 

SOMOANU: Yes, I think so. The solubi li ty 
Garemeter is really quite simnle. ticwever, when one goes to 
use it, one should read a little bit of the literature, 
because there’s a little more complexity to than what I 
showec!. There are Some polarization factors that come in. 
zut it is really quite streiqhtiorwaro to use. but we’ve 
never tried eoplying it to aqueous systems. 

HALPE9T (Goddard 1 g Those here 100 percent depth 
of cischarge cycles, I take it? 
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HA LP ERT: And which is the limiting electrode? 

SOKIANO : The cathode. Lithium is never taken out 
or removed or replaced: it's the same lithium. But it is 
cathode limited. 
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PROGRESS IN SECONDARY LIlhlUM bAl-TERIES 

G. L. ttolleck 

ElC 

I’d like to give today a brief update on some of 
our activities in secondary lithium batteries. In 
particular I’11 be reporting on test results obtainea with 
20 ampere-hour lithium/molybdenum trisulfide cells. And let 
me mention that this work was supported by NOSC with DOE 
funcs, and the contract monitor was Joe MacCartney, and it 
was funded through our ONR contrect which is monitored oy 
Dr. Jerry Smith. 

Over the years we hsve developed a recharaeable 
lithium electrode, and we have reported repeatedlv on 
various occasions about many aspects of this development, 
end we have demonstrated the oerformznce in hermetically 
sealed laboratory cells. These cells use flat plate 
electrodes of typically .6 ampere-hours which are enclosed 
in D-s ize nardware. 

pie have literally bllilt h[lnr.lrecs of srlch cells anil 
they are generally clesiqnea to deliver IO!: cycles. 

(Figure i 1-i 1 

Ihere are sollie of them. 

‘l‘o demonstrate cell perforrcance in practical 
packsqes, we have manufactured prisnlEtic litnium/titc?ni~~m 
ciisulfioe anti lithium vanadium oxioe (v6 013) cells of about 
5 ampere-hours. 

(Figure 11-Z) 

These are the types of cell thet Ur. Lomoano 
mentioned. 

Most recently we have also built 20-hour prismatic 
lithium/molybdenum trisulf ide cells ?nd they are shown in 
the next slide. 

(Fiqure 1 l-3 1 
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It’s turned around, but it doesn't matter. 

Those are the cells that I will ce talking about, 
the mirror image of those cells. 

Pdhy are we interestec in the lithium/molybdenum 
trisulfide svstem? 

(Fioare I l-41 

It had a ootential eneray censity which is hiaher 
than tnat cf lithium/ti.tanium disrllf jde. Some possible 
eneroy densities and performance values for cells, projected 

‘from ;)reli:gin?ry data obtained on smell cells. are 
sI.lmmarized in this ficlure here. 

lf you look at, say, a G cell in a primarv mode, 
you can expect about Yi watt-hours per nound and over seven 
watt-‘ncurs per cutiic inch. 

.‘\!ow when you oo to a rechargeable system you 
naturallv have ic.;Jer enercy densities. Typically you might 
look at so.qethinc of ‘I5 watt-tlours per pound at the . . bi?ql rlr;lnr::, ;dnd about 5x-j ti.‘at-t-hours per pouna after 50 
cyclr‘s . 

In larger packaqes than this, depenaino on rate, 
it’s in the area of 100 watt-nours ptr pound, anu tllat is 
cons io?rably more than you can oet irom or-act ical lithi!Im/ 
tittiniuln cisuliide cells. 

(riqure I I-5 1 

This is some of the data ot:.taineu in smaJ1 
labcratory cells that was used for %I-ose calclulations, and 
here’s a family of discharoe and charrle curves. The 
cischaroe voltage is about 1 .Y volts and as yore see, we qet 
three electrons per molybdenum trisu!fioe initia!ly, and 
after 50 cycles we zre still above tko electrons per 
:~~olyMienu~~~~ t risrllfide. knc if we recuce the cl.rrrent 
cznsity, w !-z r ~3 c 0 v e r :r~ost of this lost capacity aoain, which 
is an indication that we haven't really chanqel-i the Fctive 
;:,at(?:-.iill :jut rether it is electrode structure that causes 
f; 11 i :: ‘rc‘Cr?.jfjC?. 

(iinure I l-6) 
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As I mentioned, electrode StrlJcture is an 
important paramet ?r. lhis includes the formulations. the 
binder and conductive material like carbon that you might 
add to the electrode. 

Here you see a familv of curves which have 
different amounts of carbon and, again, at the lower 
current density and the higher carbon contents, you realize 
three electrons per molybdenum trisulf ide. 

(Figure I l-7) 

On the basis of such data ke have designed 
LO-ampere-hour brea59Oerd 9OdlJleS, and we chose a prismatic 
cell desicn with a side opening. lhis ii1 lows us to ad just 
the capacity, to use various capacity cells ,dith the same 
ha.raLvare end the same components. 

lile electrooes .are aoproxi~atelv four by four 
inches tn q i ve you an ioeb of the size. Ano the ceJ Is 
t’lat 1’;~ tnlkinc: aoorJt here have ii c=lthooes anu 21 ennooes, 
ino tile\/ use a Ce lcrara s enar(:tor . 

:)e have built five SIJCh ce:! 1s. 

(Fiqure 11-8) 

This t s lows you a discnerce-charge curve, a typical 
Cflf, Of 51JC!> i! ~211, and vou SF)‘? it ccl ivers somewhat above 
z:, c I:lpe*-c? -ho l-4 ‘c- .5 
<: X{?c: t: y t!‘I;: s,,,:; 

lt~e v~lta;!c:e i.s I .Y volts, en/ it looks 
2.5 t,:\f’ s!niill cell cllrve that I have shown 

you iJc;'orc. 

(Fi.qure 11-9) 

.ihis slide shows you a variation in the discharne 
rate. .< ., ; i.3ro at tne lower rste we obtained almost 25 
?‘nrJere-ho:lrs , which is eauivalent fcr this cell to 2.5 
elictrons per molybdenum trisl.Jlfide. At 2 ar0pere the 
cap:-city was 2’3 Ah. 

Three cells were used for cvcle testing. Ihe test 
regime is shown here. 

(Firlure I I-Ii)) 
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Initially all cells were subjected to full depth 
capacity cycles between preset voltace limits. Then cycle 
testing was carried out to 70X DOD. The cells were charaed 
at constant current to 2.RL. 

(Figure I I -.I-1 1 

This taole summarizes the cycle test results. 
A,.fter 26 cycles cell 2 oeveloped a soft short probably due 
to Li cendrites ana testino was disccntinued. Cell 3 showed 
- similar problem after 55 cycles. :hen in subseouent 
Cycles the soft short disappearec ant the cell cvcled 
normally until in cycle 50 a soft shcrt reappeared acain. 
?his soft shorting manifests itself bv a higher charge inout 
without reaching the upper voltaoe limit. Occasionally we 
03s e rv ed also voltage fluctuations or.ring charge. Cell 5 
i-;as completed over 50 cycles without shorting. After 35 
cycles the cell reached the cutoff vcltaoe on discharae and 
sui:c eouent ly you see a decrensino capacity ugon cycling. In 
cycle 52 we reduced the current density and we recovered 
the initial capacity. SO again it is not a material change 
but rather an electrode structural change. 

‘It1is cell is still on test. 

So in sugnmarizino, we are ouite pleased with the 
performance of these first:order cells. The failure mode 
has been as you h-:ve seen, shortinc by lithium dendrites. 
S,ncl what we’ll be doinc now is to take these cells aoart and 
carry out a detailed analysis in an rffort to identifv the 
location and the reasons for t!le snortincr. Then we will 
proceed to develop sollltions to this problem. 

Thank VO~J. 

DI scclss Itll\l 

I!~ALAC~ES~;L (k>cxon> : One of the biq problems that 
ice see which will be a rnalor technicF1 difficulty to 
overcome in secondary ambient temperature to lithium cells 
is of course the problem of series’ cell operation. 

Do you know what the behavior is of these cells on 
reversal, on discharge, anc on overcharoe? 
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i-Ii3 LLECK: You cannot overcharqe these cells 
without taking special precautions or you deoraoe, 
irreversibly degrade the electrolyte. 

Now we have done some experimentation with 
introducing a chemical shuttle, for exanple, which can carrv 
an overcharge current, but clearly that nee#os further work 
and it has to be addressed because in some way York have to 
cut off and prevent overcharge unless you if?trOdlJCe a 
special mechanism to take care of it. 

;‘iith large systems I think it can be oone wi tho[rt 
much penalty also electronically. nut with small svstems 
this is not feasible. 

AALAC!AESK% : 1Gy r.ext question is what is the ratio 
of lithiun! in these molybdenum trisulfide cells to the 
capacity of the cathode material ‘2 

i;GLLYcK: A factor of five. 1 f th?v l~~oulc! not 
I-I A v E s ho r t e d these cells s,JOl!ltd h?Vc c’me i?lJC’? lonrler. 

ti1!4Y (?!avy IJeoertrlent 1 : !iive vou tried to nrevent 
dencrites oy transfer iaembrane? Arc! vou usino Cellgard? 

rio LLZCK : Yes, this is Celloarc!. 

i 1 I !.,I Y : Are you trvino to change it? 

i DLLECK: He would like to have a better 
e.eoLrator, yes. 

H I ,z Y : Are you trying to work on it? 

iiLILLECK;: YJe are trying to work on it out we do 
not at the moment have sufficient funds for that work. 
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Figure 11-l 

Figure 11-2 

Figure 11-3 
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Figure 11-4 
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Figure 11-5 

Figure 11-6 

Figure 11-7 
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ARMY POSITION ON LITHIUM BATTERY SAFETY 

E. Reiss 

U.S. Army 
Electronics Research and Development Command 

This afternoon Gerry Halpert asked me if I would 
speak with you for a few minutes, sutstitutinq for several 
of the speakers that were unable to q-ive you their formal 
presentations today. 

The first thing he asked mf was what is the Army’s 
position on safety, and then he made a comment aoout there 
aren’t enough questions this afternoon, see if you can qet 
people to respond. Let me see if I can ao both thinas for 
you in a Drief period of time. 

First off, when I’m askeo b$hat’s the Armv’s 
position on safety, it brings up one n[Jestion, and that is 
whose definition of safety GO YOU want to use? Are we goinq 
to use the solaier’s definition. whether he 5e the truck 
criver, the aviator, or are we aoinq to co oack into the 
1abcrEtory and ciq out the most scier?tific uefiqitionsl 

i’!e at Fort Monmouth, as the primary center for 
battery applications in the Army, hale come to a conclusion 
in the last few years ttiat safety is the most important 
Iactor in tne cesiqn of litt-,ium 93ttfries. An3 to that eno, 
in the last six %o nine mor>ti>s we ha\e Deen addressinq very 
specifically the lithium/sulfur dioxiee battery. 

Following that IUP, we have come up with a 
soecification that ciescribes what we hope to see as a safe 
proouct that can be used by the ArlTly. 

Bow how safe a0 we want it: tie want it to be as 
safe as possible. Pie would like to be able to take a 
battery and subject it to anv conditions that any of you 
here can think of and have no herm to yourself or to someone 
near ycu. And we know that can be acne. 

We have tried to be 3 little realistic. We know 
that there are certainly limitations to what you, the 
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manufacturers, can put into a battery, and certainly you 
expect there are certain limitations on what the users will 
GO with your proaucts. 

Several of you I’m sure have seen our previous 
specifications. Several of you have delivered batteries and 
cells to us for evaluation and presently we have probably 
half e dozen different production cortracts for batteries. 
k..aain I’m talking about lithium/sulfur cioxiae only. lhese 
batteries will be used bv our soldiers. 

In order to try to tell you what we consider to be 
a stfe aesiqn, I thouoht I would brief ly run throuoh the new 
specification that we have put tooeth.er-- It’s Gil 3-40.377. 
It t,as a date on it riaht now cf Y S6ntember IYbl. It igill 
be updated, probably within the month, due to several portions 
of that document that we feel have to be updated. The new 
spec number is MIL-B-49430. 

In that aarticular document we thouoht the best 
way cf adtiressina safety was to start witn the cell. vls’re . 
not teJlino any of the manufacturers how large thev have to 
rrlake the cell: we’re only really talking aoout the 
iimensions of a Lattery. 

12ut in tile cell area, we heve aqreed that the 
first ti~inc that we neeo is an nermeticallv sealed cell, and 
t: ctjl tnat must have a Saianced or lithium-limitea 
c:le:<istrv. Lie have seen hundreds, prooebly thousanus, of 
!: ,? 1 1 s or1 ,i .ni;nv txore .Lat%eries that we’ve been testing in the 
3~st several years to docurr.ent the lzmitetions that we feel 
tire acceptable to the Army. 

From these batteries, these cells, we’ve come up 
with what we feel is the proper background material to 
cocun:e!lt z:nd sucport the specification. 

aut 1 aon’t want to bore ycu with the 
soecification. lhe first part is the ce Jls. 

v\e’re coinc to be looking for hermetically sealed, 
we’re goiw to be lookinc fcr lithium-limited or a balance 
of lithium to sulfur dioxide with 2 ratio of one, baseo on 
stoichiometry. Ee’re ooino to be performing some tests on 
t!lese cells prior to testing batteries to insure that thev 
do rreet o:.rr requirements. 
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tie are also looking for 10~. moisture content in 
the cells. Xe feel that this contributes a high degree of 
ouality to the cells in the areas of rapid startup voltages 
under heavy currents. 

We have also had some experience where high 
moisture content, we feel, is directly related to 
degradation in shelf life. 

From the cell, we’re going to go to the battery. 
The batteries certainly are goina to have to give us 
acceptable capacitv. 

The specification that I mentioned present Iv 
defines five different batteries. Three of them are at 6.9 
amp-hours under a 2 amp load at 70 degrees tahrenheit. 
/nother battery has slightly higher capacity. And the last 
battery is a . S5 amp-hour battery uncer 1 oe lieve a 50 
mi 11 i amp load. There are corresponaino capacities at hioh 
temperature an3 low temperature that go alone with these 
capacities. 

Cne of the thinqs that we Fre ,olannino to do is to 
insure that we are c;etting the prouuct that we have aefined, 
6nc to oo that we nave a series of tests spellea out. Inev 
cover snack, vibration, altituae, hich temperature storage, 
low temperature discharges, high temreretr!re 
c:ischarge.s, and combinations of all of these things. 

ci.hat w?‘re lcoking for is cooo capacity ana 
safety. ?hz whole reason for aoino it arain is the safety 
that’s inQ-?rent in ihe design. Pie know that it can be met 
ano that tt~e solciers that we’re dealinn with need. 

lhe scec itself is based on real data. i”ie are 
tryinc to rlet the best oroduct possible. If vou’ll take a 
lGOk at some of these numbers you’ll sav, “Why do you want 7 
;.nrq-hours from a 3 cell type battery?” And the answer is we 
really don’t ‘4ant 7 amp-hOurSr we want 7-112. 

Jhen yell take a look at it and you see some of the 
reverseo current discharge tests, we are asking for i-l/2 
amps in reversal. (tie really want 2 cmps but the state of 
the art reellv isn’t there that we can document it that 
riqioly in a s?ec and expect anyone to bid on it or give us 
that type of a product. 
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But we really want it. bVe really would like to 
see 3 amps in reversal but the technclogy is not there. 

The driving force that we/\-e been operating under 
in the last nine mon%hs is essentially a dictate from our 
command saying that the battery must be safe for the 
soldiers. And when we were given thet edict, it essentially 
said, “The soloier doesn’t know what the product is. rie 
uoesn’t know what tests you’ve done on it. He doesn’t know 
hhat limitations it has. In fact, he probably thinks it’s a 
big flashlight battery.” 

And if we take a look at the incidence of leakage 
of alkaline cells or possibly some explosions in mercury 
cells, and if you gc to the users in the military and 
civilian market, you will hear that there are incidents 
weekly, maybe monthly. It’s not unheard of that you have 
these types of inciaents. 

me have been tasked with trying to come up with a 
lithium/sulfur uioxide battery that -surpasses all of the 
stanuards for previous batteries. 

Now we feel that it certainly can be made. We 
have purchased it ano we’re going to continue purchasing it. 

dut I would like to emphasize today that we’re definitely 
looking for a product that’s superior to the product of 
yesterday. 

The next real area that we’ve addressed is related 
to the quality assurance. i3ow do we verify that we’re 
gettinq a good prouuct? Very auickly I’d like to sum it up. 

Oe’re doing two things, ant these are in relation 
to the production contracts that have been arJarded and will 
be awarued in the near future. 

Nhat we’re proposing to do and have done is to 
require an increasea number of samples in the first-article 
phase of our program. In the past, the first article of 
lithium-sulfur dioxide batteries for the Army required a 
sample size of 56 batteries that were subjected to the 
various environmental capacity tests. And based on a 
hundred percent acceptance of those tests, the contractor 
was perrnitted to go on with producticn. 
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At the production level he would do similar tests 
and providing he met the acceptance rate -- I believe the 
number was around a IO percent, maybe 6 percent acceptable 
quality level, -- the manufacturer woula continue to deliver 
the product. 

To enhance that, to give us the safety that we’re 
now asking for, the government at Fort Monmouth is going to 
have an additional quantity of batteries delivered at the 
beginning of the first article. These 30 batteries 
are going to be subjected to similar tests that the 
contractor is aoing. 

he will be analyz.ing for the ratio: we’ll be 
analyzing for the moisture content; re’ll be discharging the 
batteries at the hiqh, low and room-temperature conditions. 
ihese batteries carry the same acceptance/failure rate as 
the tests done by the contractor: thFt is, no failures are 
oermitted. 

Once we get to the production phase of these 
oatteries, a ne>N clause is beino inserted in the contracts 
which will require 2 percent of.the proauction batteries to 
be delivered to the Army for evaluation. This is something 
that has not been done on other battery contracts in recent 
years. However, it is one of the methods that we feel is 
mandatory to insure that we’re getting the product that we 
need. 

This is the only way that we can go out to the 
soldiers and say, “tie have the documentation to show that 
the batteries met the conditions imposed by the 
specification and the same level of performance should be 
exhibited by the products that they see.” 

The last item that we’re doing in the quality 
assurance area to again enhance safety is that we’re going 
to be requiring a quality control plen or quality assurance 
plan by the manufacturers essentially on how they build and 
control the product. It should start from the introduction 
of the raw materials into their plant, through the 
manufacturing processes to the finished proouct. 

This will be a document that will be reauirea in 
all of our contracts. Approval must be obtained prior to 
fabrication of the batteries. Again it’s an attempt to 
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insure that high quality has gone into the manufacturing of 
these particular products. 

So with that, I would like to stop. It’s a quick 
summary of where we are at this point in time. 

1’0 like to ask for any questions that you have. 

ALLVEY (SAFT): You described the specification. I 
can’t quite see the need to specify E composition. It seems 
to me that if you had arrived at a black box type 
specification you wouldn’t have excluded many other couples. 

REISS: You’re correct. If we had written the 
soec in a general nature it woulc ha\e permitted many 
electrochemistries to meet. the reouirements. F\ie real i ze 
that certainly some of them could not meet sorne ,of the 
tectlnical requirements of high rates and low temoeratures 
for a given volume. 

;!oivever, he felt that we must have a complete 
unaerstanding of whet’s goincj into these prxiucts. 

Over the years you’ve all heard of many safetv 
incidents related to lithium ba%teries in general. Some of 
the comments that you’ve heard were true ano some of them 
were simply rumors. 

The specification that we out together is based on 
very specific tiata that we have generateu and have 
confidence in. Ir\e are presently in the position where we 
have received phone calls and inquiries on the use of 
various new electrochemistries in apclicetions. 

I’m in a very awkward position sometimes because I 
oon’t have the background to fu3ly qcalify one of these 
other electrochemistries. And to thet end we have specified 
a lithiurn sulfur dioxide chemistry that’s basea on real data 
that we have generated, so that we heve a complete 
understanding of what the product is. 

ALLVEY: Bees that mean then that you’31 follow up 
with another specification for each End every couple? 

2EISS: At this point in time 3 would say Yes. As 
we build confidence in thionyl chloride or sulfural chloride 
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or whatever the particular need is that is required by the 
Army. we will address it singularly for that 
electrochemistry, and we will address it with a specific 
specification. 

ALLVEY: So does that really mean that you’re 
excluding thionyl. chloride for the next three or four years? 

dl=ISS: I would say at this point in time, for the 
next two years we wi 31 not have a specification on thionyl 
chloride. dut ‘tie will be workino on generating the data to 
support such a specification. Re presently have several 
programs doino just that. 

!iARRI.!S!A’4 (Cargoceire): korv mentioned thet vou’re 
qoinyr to specify tile amolunt of moisture in the cell. Yi h. p t 
level of moisture do you intend t.o s[:ecify. an3 how do vou 
propost? to measure that? 

;I ;; I s c; : iie ar? nr2s2ntly sr.scifyinc! 1,03L, Tarts 
per Inillion Or less. The ,p:srt ic\ll;;r met’clo,l is by titrotin:-1, 
the Carl Fisher 3:ettlo.i. I Jon’t, ‘12vf‘ all t:ls specif its of 
it, but 1 can obtain them for you. 

::AIIY (CIA) : ‘:I0 fni Iure accsptance test inq is 
qood. uut I’m a little curious as to ho& yo!-J’re .rloino to 
oefine failure such that you can actLlally cc it. ij‘OOCi 

ouality batteries oenerallv have SCI:IE tl-lrkeys, ?nti thet’s a 
Tact of being in the primary battery business. 

iiow are you ooing to definr failllre st!ch that 
you’re going to be able to really oe1 CO?tri?CtS end reallly, 
then, oet harawars into the wnreho:isc? 

j-jEISS: tinder the first crticle phase cf it, I 
saiu that the contract will reorlire r.o failures in the first 
article. 

Failure in ca,oacitv woula be c. bettery that 
exhibits capacit.v Selow the snecifiec: nlJ:l:ber in the 
contract. These numbers are set, on the low s idc. For 
instance, I said 5.9 amp-holjrs et 2 FrnF? for the 11 tel. I. 
bat t, er i es, and we expect 7-l/2. ;nle feel tilet that rlar;lin is 
sufficient to give the mnnufact!Jrer the conf ijence that he 
can meet !:ilE? 6.9 amp-hours. 
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When it cqmes to the safety portion, we're 
considering venting fires or explosions. A single venting 
is considered a failure by us at this point in time. In 
years past venting was considered to be one of the safety 
mechanisms in a battery. We're requiring that a vent be in 
the batteries. 

Sut, on the other hand, we consider that if a 
battery vents under the conditions imposed by the 
specifications, which are conditions that are likely to 
occur in the field, that that wou1~1 be unacceptable to some 
of the users. 

Now it depends whether it’s an aviator in a closed 
cockpit, or a soldier sitting out in the middle of a desert. 
lhere are different conditions. tcut venting is now 
considered by definition a failure. 

lYhen we get to the production level, there is 
either a 6 or 10 percent failure rate thet we will permit on 
capacity for the contractor’s testing, and 9 percent failure 
on capacity on the government testing. That’s of the 2- 
percent sampJe. 

Fdhen it comes to the safety portion of the two 
phases, venting, fire, explosion are considered very 
critical to us and a single failure is considered grounds 
for lot refection or first article rejection. 

JAMES (Naval Surface Weapons Center>: Do you have 
any published information that I could obtain on the effect 
of water content on the degradation cf these lithium SO2 
cells? 

HEISS: I believe there is a i3aoer out out by one 
of the people at Fort hb.onmouth, Gabe DiMesi. If you let me 
get your name and address I’ll see that the two of you qet 
together. 

‘Thank you. 
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NAVk POSITION ON LITHIUM SAFETY 

F. dis 

l 
Naval Surface Weapons Center 

I’m not qoinq to talk about the XID Safety 
Committee because that is for official !-Ise only, but what I 
woulo like to oo is to address the NivyOs position on 
lithium safety because it is quite djfferent from that of 
the Army. 

The Army has fewer platforn;s to work with than 
the Navy. For example, the FJavy hzs land, sea, air ?no 
subsurface platforms to be concernea with, so we have to 
evaluate the lithium batteries ana the system unaer ell 
of those various platforms. 

Now the WPY the P<avv is ta,c!ced -- and maqy of vou 
have heard of the document which I’m cloinn to refer to is 
NAVSEA INST. 9310. I . NAVSEA 041.1 is the primzrv center for 
lithium safetv in the Navv and they’re trsked !)y the :d;!val 
Kat eri al Command. 1hat aopears in ?i1VSUP. I!\!XT. 9310.1. 
It-l 9310.1, \JSvYC is named as the foci?1 point for 1 it.hil.rI0 
battery safety, reportinc! directlv tc: :G,GVSEA I.!4H. 

Now there’s an undate comincr out in iebruzrv q)rl 
NAVSEA Instruction ~310.1. 1% will be celled O_?lO.lA, 3nd 
it’s much more cietnil.ed t5z;l the prelious iqstructlon i? 
that it ooes into irlh8t the p3ss/f07il criteria arc! ana w;??t 
tests wi 11 actually he performed. 

Now first of all, the i\lav)’ does not certify 
batteries. We certify a system for the eno iten:. In otner 
worcs the tests which I will describe are sefety test,:< on 
the whole system. 

1he safety tests whicn we run pr-e Grincipa!ly: 
(I 1, short circuit with all fuses bypassed; (21, forceo 
discharge at t,he fuse value. Fdhatev6.r fuse value r!oes into 
that circuit the battery will be discharged et that value 
into reversal for 150 percent of the ndvf-rtiseij battery 
capacity. 

lhe last test is the one that you Ere all goinc to 
love. It’s callea the rnodifieo incineration t?st or th2 
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heat tape test. Yany of you have heard of it. You don't 
like it. L;ut the idea is we take the battery, fresh, and 
oischargecj, and heat it up at 20 degrees C. Fer minrlte to 
500 degrees C. inside the unit. 

Now there are some units within the :\lavv WE can’t 
Get a heat tape inside beceuse they’re so closely packed. 
Lo on those, we run what is called ML-W, which is a fuJl-ur, 
fuel fire. In other WoriJS you heave it in the fire end s6e 
khat happens. 

Kow you sey is this the reF1 \corld’? I mean can 
you really subfect batteries to this: And the answer is 
Yes. 

For exam?1 e , I hEve become familiar with the 
Sonobuoy business lately and I’ve fotrnd that the wav 
they take Sonomloys apert is thsv serd 7 Thit,? Hat ollt with 
2n ax. LJsinq the ax and he takes the Sonobuoy apart. 
These Systems can be abllSeU. In ott-:Fr \fIor’ds, if t.here is 
any hey to abuse them they’ll be abused. 

So 3le’re reallv looki?* ?t ‘,vhatt h?r?i)l?rls to the 
system under these very severo !3attf?rV &2r:se conditions. 
‘ih? philosophy is BS follo::ls: 

Ahat We’re tryinn to do is %o create the worse 
hazard. Cne of the above three tests wi 11 lead to a 
hazardous situation and we want to sf-e now the syster,i 
reacts to that hazarc:. 

Xow .7op9fullv, thrr,u(:Tt! ttjc zii;.: of s?f?ty ::seviccs 
such as diodes, fuses, and thermel ~6 vi ccs, tn shut, edv~rs t: 
reactions down, we car, elinlinat,e or cevercly dro,o tack fro!:: 
the most hazardous situation. .L.iowever, i!ie still wznt to 
know how the system is qcing to rec?ct unc;er %hesc: severe 
conaitions. 

Now Just recently we completea a test program on 
three n!anufecturers of the C-62 Sonohrloy. These are fr~l l-:1;) 
tests askinq for certification for service use, so the 
c5o\-r three tests were run. Ihere were three different 
manufacturers. I won't name the manufacturers. 

One of them worked well with no problems 
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ourinq the tests. In other words the unit vented. They were 
SO2 batteries. lhe unit vented auitc nicely because they 
had provided for pressure relief witt:in the housing. 
Temperatures upon venting reached I5W decrees Celsius. In 
other words we had a fire insiae but the fire never cot 
outside the shell of the Scnoouoy. That wes %anufacturer A. 

Manufacturer i.3: lhe oressure built up; it cracked 
the transducer, swelled the clamshells and we micrht have had 
problems getting that out of the aircraft. 

/danufacturer Cs Under all three tests, the SonoSuov 
came apart, and Sllffered from fire and flame. Pressures 
varied from 20 in Case C to 203 psig. buhen it reached 2'30 
psi? we had a missile goinq down range when it let qo. 

Now let's cet sack to the pass-fail criteria. 
Suppose we're sitting on land in a w:rehoUse. (11, one can 
tolerate a venting and also a minor fire. There +rill be a 
sprinkler system in the warehouse to try to keep the 
combustibles from catchino on fire. 

Now let's put it on an aircraft. In an aircraft 
one can tolerate venting, but one cannot tolerate an external 
fire from the unit, or swelling of the unit so you can't get 
rid of it. 

And the .si;:me thin9 OCCUrS cn ;3oar:2 s:rriace ships. 
P,e c6n tolerate a minor fire end expLilsion of the cas. 

i<ow we qet to the worst cace, the suo?arlnes. 

Tne submarine is a comnlete containment problem. 
In other wcrds, if the battery oets jnto a hezaroous 
situation it cannot expel its contenls outsice the [init. 

lu’ow we are recently workinc on a system called the 
C;PS system. That’s the Global Positionina Svstem. It’s r7 
tri-service positioninq system. It t:as F small lithium 
battery for backuo memorv. It is not contain4 c . . 

glow we’re takino a different approach on the G?S 
battery. Ae’re asking what would be the oIlentity and types 
of cases which Could come out of that batterv if it were to 
Lent. The same three tests describeo above are rroinr to b? 
r(Jn on the GPS system. 
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Now how aid all this come about? 

i\ell, every one of you has heard of the dermuda 
Incident, and that’s where it all started. lhe Sonobuoys 
weren’t being tested before tiermuda as far as lithium 
batteries. but, after Bermuda, al.1 these systems are now 
comina in for testina. We’ve triea to standardize 
what the test plan is ooino to be SC that the manufacturers 
of the battery and the eouioment know exactly what they’re 
facing. 

And I repeat: The three tests are short circuit, 
forced discharge at the fuse value, and modified or f!Jll-u,p 
incineration. And the approach is what happens to the 
system? 

Sometimes even though the system reacts in an 
adverse way,-- for example, we had an air deployable 
expendible store lUPhoto Finish”, and the whole nose cap 
ejectea upon venting. That one we act around by modifying 
the stockpile-to-target scenario, ant we encased it in a 
or,ay overpack like you would a Sonobuoy. So there are always 
b!ays to work your way around a problem. 

And I repeat, we’re not certifying batteries, 
we’re certifying a system with a bett.ery in it. It’s the 
enc item that gets certified. 

Any ouestions on this point.? 

(No response.) 

You’re all happy with the incineration test? 

HE LLFH I TZSCH : How are we going to keep track of 
the origin of the first batches that pass all this to make 
sure that you continue to get a similar product? 

IdIS: Pie 1 1 , YOU notice I said the end item. If 
there-/s a change in the battery of any tvpe, or the battery 
compartment or the circuit, that becomes a Class I ECP and 
is brought in for review and may be subjected to retest 
aependinq on the safety review. 

HELLFR I TZSCH : What I’m thinking about is the 
internal construction. 
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IdIs: The internal construction of the battery? 

HELLFRITZSCHI Of the batterv. 

BIS: Okay, I see the point you’re making. 

It’s impossible to tell if there is anything 
changed internally. fhJt, periodically, for example, in the 
Sonobuoy business there are recertifications which are done, 
and those are all done at Crane, -Ant part of that 
recertification involves recertification of the safetv 
tests. So they are periodically done. 

If there are any adverse effects which happen at 
that point, then we go back in and teke another look at it. 

lhere are two types of reviews also, which I 
failed to mention. There’s a preliminary review and there’s 
a final review. Ihe final one is a full-up test proorem, 
whereas the preliminary is a paper study where we look at 
the circuit, the interaction of the Lratterv, the coupling of 
the battery to the load, et cetera, end ke make 
recommendations at that point for improved safety. 

GMOSS (Gulf end Western): NAUSEA Instruction 9310.1 
specifically reouires a hermetic seal for lithium batteries. 

I51 s: That’s correct. 

GROSS8 That is to be assuired that that’s oospsi; 
there wi 11 be no departure from thet? 

i31s: Not at the present tjme. That’s included 
also in 93lO.lA. In other words, basically 93tO.IA is 
almost identical to 9310.1, except at tile back end of it 
there is a full-up test plan for certification for service 
use with few changes in the words at the front. 

HANRIMAN (Cargocaire): Do yorlb as with the Armv, 
specify the moisture level in the battery? 

a1s: No. I think I’m going to bet, mvself in 
trouble, but yo!~ notice I haven’t eacressed any chemistry. I 
oon’t care what chemistry you come in with; I don’t care if 
you put dynamite inside the unit. We’re going to test it 
the same way. I don’t care what moisture content; I don't 
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care what you put in there. That's the test that you're 
goinq to be juaqed acainst. 

Now you’ll notice I never nlentioned anything about 
performance. lhis is strictly safety. Fqe're not specifying 
performance. Ihat's up to the original equipment 
manufacturer, to see that the perforrzance is adequate. And 
we have programs within the Navy, obviously, to look at 
that, particularly in the Sonobuoy area or in other areas. 

but the safety tests are actrrElly run on whatever 
is inside. You’re really looking at a black box, in 
essence. 

ALLVEY: Just out of interest, hoW do yoli define 
E hermetic seal? Lou say it’s ouotec. in Y.? IQ. I . i-iOW CO YOU 

cefine it? 

ti1s: Ilow do I define a hermetjc seal? 

ALLVEY: Yes. 

BIS: I don't have 9310.1 with me, but normally a 
hermetic seal is defined as the leak rate of the seal to 
gaseous helium, 
1 x 10-8 

and I believe the number quoted here is 
cc's per second. So that would be defined as the 

hermeticity of the seal. 

SCUILLA (CIA): Ihs new VALSEA Instruction that 
is going to be coming out, will that be exclusive to 
lithiiJm systems or are YO:J 1Dokinq at others: zinc anoties; 

LIS: No, that’s exclusively addressing li t!-jiun: 
systems. We're not specifying just SO2 or thionyl chloride 
or NM02. 

SWILLA: Are there any intentions to do 
comparative tests with other systems like you/r-3 doing: to 
the lithium system? You’re tal!:ing :booJt safety aboaro 
vessels anii in .su!:,oarines. l-here arc other types of battery 
chen,istry couples. Are you qoinc to exnose them to the sr7me 
types of rigid testing reqirnes that you’/re exposino the 
lithium systems to: 

jj:,t N 0 * becarlse we’re chcroec ant! tasked unaer 
93lC‘.lA and we’re limited to lithi:lm systems. 
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To answer your question, if we did the same tests 
on an alkaline cell, we'd get into serious trouble. Alkaline 
cells will explode under an incineration. 

b~;-l50 really is a weapons specification that 
pertains to ex,plosives, and the question that is normally 
asked, is how long before the explosive lets go. Ano 
the only parts of WI250 which are really appliceble to 
lithium batteries are that you set the systems three feet 
above a JPS fuel fire. 

Hut we’re not tryina to inlplY that lithium 
batteries are explosives in any way, shrpe or form. but we 
a3 use WlicjO for the fuel fire specification. 
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DESTRUCT/NON-DESTRUCT EVALUATION OF CYCLED NiCd CELLS 

S. DiStefano 

Good morning. This work is part of the effort 
that was described to you by Dr. Ambrus yesterday, and it is 
funded by NASA’s ilAST office. 

(Figure 14-l) 

tiigure 1 is a brief description of our JPL 
nickel-cadmium battery task. Ana 1’11 just briefly describe 
to you some of the elements. 

Statistical analysis -- is a topic which Irv will be 
talking about a little bit later on, and I won't touch upon 
thet. The basis for this task is our cycling program which 
was in cart designed from results from statistical analysis, 
eno it consists of 40 12-ampere-hour General Electric cells 
tihich have chemically imcregnateo pl?t?s. i\e have a 
test matrix consisting of temperature dno uepth of 
aischarges, as shown on r‘ioure I. 

Destruct analysis. I will sneak very briefly 
about destruct analysis because the results of most of our 
tests were presenteJ at the Denver electrochemical society 
m3et ina, and there will be a symposium published which will 
contain t:le r?slults that I presentea there. So I won’t 
c;wel 1 on %ilat. 

Ahat I'll be talking about today in the most part 
%iil be our non-destruct analysis, and in particular the 
epolication of AC impeaance technicues, as a non-aestruct 
evaluation means. 

(Figure 14-2) 

tiigure 2 is a orief description of the engineering 
goals of this program. In particular we want to provide a 
non-cestructive method to analyze ant study the aeqradation 
processes occurring in nickel-cadmiun: cells to provide a 
test fcr -- an in situ test -- for general eneroy 
availability -- state of charge, if you will ana to proviae 
E technique for aetermining the quality of cells or failure 
signatures, ana ultimately provide a techniaue for 
determining battery cycle life. 
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(Figure 14-3) 

Figure 3 is a brief description of the 
experimental technique. Briefly, we measured ce 11s at 
several states of charge, although I’ll mainly be speaking 
of cells measured at zero state of charge. 

Impedance is measured as a function of freauencv 
over a range from about . I millihertz to ten kilohertz. And 
as you can see from the brief schematic diagram, the spectra 
are measured as a response to an rms voltage applied at a 
stabilized potential state of the cell. Uost of the data 
manipulation is aone by a computer. 

(Figure 14-4) 

Figure 4 is a brief description of circuit 
analysis. As you can see, the def init.ion of impedance as a 
vector in the complex plane. And as vou look at these 
different schematic;, there’s a respcnse ‘-- for example. the 
respcnse of a pure resistive element in the impedance plane, 
ana similarly here’s a response of a pure capacitive element 
in t:Te impedance ,blane. !.!f3re’s a resnonse that one would 
expect from a series connection of a resistor and a 
capacitor. An3 , similarlv, here is the response one would 
expect from a parallel connection of a capacitor and a 
resistor. 

It’s these type of elements that we’re looking at. 

(Figure 14-S) 

Figure 15 is a briel’ generalization of how one can 
consider an electrochemical interface as a set of resistive 
and capacitive elements, an3 hov: one might aetermine 
electrochemical information from studying the frequency 
response of an eouivalent circuit,. Ihe thing that I’m 
trying to point out on this chart is that basically there 
are two processes which can be described as fast and slow, 
namely electron transfer orocesses as depicted here are 
relatively fast orocessds, ,&hereas mass transfer processes, 
wlnici-1 are generally limited by diffucion, are relatively 
slow processes. And the equivalent circuit shown here is 
the one commonly used. It takes into account the major 
processes that occur at electrochemical interfaces. 
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(Figure 14-6) 

Figure 6 is the expected response of circuits such 
as I’ve shown on the previous slide. Analytically one can 
show that at very fast frequencies the frequency response of 
the impedance obeys this equation, which is the equation of a 
circle. Similarly, at relatively low frequencies the 
impedance obeys the equation of a straiqllt line. 

This is the type of response that one would expect 
from an electrochemical interface. And this method has been 
used for many other applications, particularly corrosion 
and lust qenersl electrochemical studies. 

As you can see, the parameters such as the double 
layer capacitance and charge transfer resistance and the 
ch::!ic resistance, which are indicative of electrochemical 
~roccsscs, can be obtained directly from such a diaoram. 

(F iqure 14-7) 

On this slide I have some actual spectra of sealed 
cells which we obtained usinq this technique, a couple of 
thinos I want to point out. Firstly, they appear very much 
like tney 2re predictec. This is a control cell, it just 
ilac unuerqone several -- or concitioning cycles. And this 
is a cell which hsa oeen cycled according to the conditions 
shown here, in particular 40 degrees Centigrade ana 35 
$:ercent DLIL). Lecondly, I want to point out the 
inductive-type effect, ohicn, as far as I know, no one has 
really Geen eule to unaerstand why it happens. T’nere is some 
soeculation thet this coulu be due to some kind of inductive 
t?ffect of the stacking of plates inside the cell, but that 
thas not ‘been serif ieo. 

(!liqure 14-8) 

lhis slide is meant to shop. some of the work ,de’ve 
oone on the properties of tne porosity of the sinter inside 
these nickel-cadmium cells. In particuler what we did is we 
b;tint back and looked at some of the oata obtained by Tracey 
a n d i’lillie:ns on the different types cf sinter and develooed 
T TOi!. this literatllre di2ta, an equaticn, an empirical 
equation which fits this data. This eol_retion, fits the data 
for the obtained oorosities. In other words, this eauat ion 
wnict: is schematically depicted here describes the porosity 
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- function of resistivity. Ihe reason I’m outtina this 
z”,rz is because we think that this is one of the thinus 
which will be more evident in sorne 01 the AC impedance 
spectra. 

(Figure 14-9) 

I show here a literature ccrrelation betw.een the 
different kinds of gores of different geometry and their 
preoicted AC impedance spectra. And as you can see, as the 
pore ceornetry chenqes the spectra is predicted to change 
also. 

If one assumes circular pores, cylindrical pores 
and transmission line theory, one predicts that the slope of 
the line when you plot the imaginary oar-t of the impedance 
as a function of frequencv .c;hould ‘be to the order of .75 or 
minus three-ouarters. And for planar electrodes it’s shown 
tl?et the slope should be proportional to the minus one-half 
cower. Fiqure 10 shows that for some ccl 1s this is 
verifiec. 

(iiaure 14-10) As you ten see, at a given 
irequfncy ranqe what’s hecpenino here, the electrooes acpear 
to Ge benevinq as planar, and at the higher frequencv ranae 
they appear to be benavino as tne porous electrodes. And we 
think that this transition here where the behavior changes 
f ram porous to planar could be an incitation as to what is 
hnny:eniny insiae the cell. Ano that”s rqhat we’re 
rno,ni tori .nq. The numbers at the bottcm of Figure iC; show 
that there are different ways of plotting these parameters, 
and they are all consistent with each other. If one plots 
the log of omega versus the real part of the impedance, one 
obtains the same parameters as you would from just plotting 
Z versus Z', or Z-imaginary versus the real part. 

Cl- icure 14-11) 

t-icure .I I is some of the data that we’ve obtained 
so f2r. There are verv sliqht trends being observed. In 
;:2rticular we see that the double-layer capacitance -- which 
i:; 2 measure of surface area available for electrochemical 
react ions -- usrlelly decreases with cvclino in almost all 
concitions that we’ve looked at. ‘Iht ohmic resistence is 
pretty much constant, but you woula expect that since that 
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really reflects the external circuit. Charge transfer 
resistence appears to be increasing else as a function of 
cycling. Gire have no hard core explanations for the data. 
1'~ ._just showinq this to show what kind of experiments we’re 
monitoring. 

(Figure 14-12) 

One of the things that we have observed is 
signature for ce!l failure. This AC impedance spectrum 
again is characteristic to some extent. It was taken 
approximately 300 cycles before the ceil failed. And at the 
time we really could not explain why this spectra was 
somewhat anomalous. In particularly we were monitoring the 
l’r’arburg slope, and it tended to show just a pure capacitive 
element. And we think that perhaps in this case it was due 
to some kind of pore blocking or something where the cell 
was acting as a capacitor. And if you'll recall, in the 
schematic for response of electrical elements the capacity 
shows basically an up-and-down spectrum when monitored. 

i-his is the spectrum after the cell faileoi just a 
short basically. 

In conclusion, vie think thEt the AC impeoance 
technique can be useo to monitor many oT these degradation 
processes occurrino in the cell, and we are right now in the 
process of doing some boiler cell tyre experiments. That is 
to say, we are monitoring individual components of the cell 
to see what is particularly causing these changes in the 
soectrs. 

lhanl: yot~. 

DISCIISSlON 

LACK’\!Eii (Defense gesearch toard, Canada): In the 
slioe you had showing the double leycr decreasing with 
cyclino it seems as if there’s a temperature dependence. At 
40 ceqrees :r: ant! 35 Dcji) there doesn’t seem to be any chanae 
with cycling, whereas at 30 degrees C and 35 DOD, as well 
as at 20 DOD there's quite a change. Do you have any 
comment on that? 

‘2 I S-rEr ANO : I won’t comment at this time since 
this is only a two point set of data. I’ll look at it more 
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closely when I get back. but I think before I could make 
any comments I’d have to look at a lot more data, and that’s 
what we’re doing. 

Irv might have a comment. 

SCHUL3AY: What we have noticec in this cycling 
program is that t,he cepth of discharge seems at least to 
have a much greater effect on the quality of the cells than 
the temperature over this particular range. 

3AA:iDiiUI.I (Hughes ilesearch Lcbs 1 : What sort of 
separator ‘were you using in these studies, and what period 
of time were these? What sort of cycle rates were you 
using: 

i)I sl‘EFA>Jk;: lhe separator was a Pellon separator, 
usually used in the CEI cells. And I don’t understana what 
you mean by “period of time.” 

CI S;?,c.FA:AJ: ‘I es, these ce!ls are in simulate LEO 
procrar:i. 

i3LBEiiT (Ezll Aerosoace > : Pre you doing these 
‘xea.surements at any other temperature other than this? P.re 
ycx! troing down like -- 

i] 1 S’rEFA%J\IO : .These are the highest temperatures 
we’re rusingi 40 degrees Centiarade is the highest. 

~~LZEI<T: Yaw about low? 

DI S1 EFAl’jrJ: ZCj cegrees is our lower limit. :Je’re 
coing from 20 to 30 decrees. 

ijLEEll-r: It’s my understancino that most people 
are runnina oatteries in spacecraft now closer to zero. k’r h v 
5re you not coin? your testing; in this area: 

DI SlEFANO: Like I said in the beginning of the 
talk, the program was designed in conjunction with the JPL 
failure model that we tlevelo~ed previouslv, and in order to 
i;3t parameters f3r tile failure Plodel it appeared better that 
we use these ter!i,oeratures. 
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bqe claim that we can extrapolet? from the failure 
model to low temperatures, but we haten’t verified it. 3.1 t 
that was the reason why we haven’t used lower temperatures. 

b~Ui3E;? 1CK (Goadaru I : There’s a little confusion 
in my mind whether this is a separate test from the 
accelerate0 Frocjra:;l. Do you actually run these tests at JPL 
or is this completely isolated from the accelerated test 
proqrsm? 

i3 I S’I’I+ ANO : If you mean by that the Crane 
eccfleratea test ,oroc;ram, yes, these are run at JPL. 

xALOk (Leton i4al.l tiniversity); It’s my 
uncfrstanciinc that t!-,e theory for this is oevelopeo for 
sinr.lt: elcctrooes. ihat is, yolu’re r,easurino a sinole 
electrode oouble lever capacitance an3 so on, ana then yorl 
kg!:1 v this to the cells. 

:iO\J 1C '/9!1 care to comment ES to which electrode 

DI SlEFAI‘.Xl: b!e’ve done some oreliminarv tests 
usinc reference electroaes, anti other people have done this 
? 1 5 0 . And we’re fairly sure that We’re looking at the 
positive electrode. This is the nickel electrode that we’re 
looking at. 

;lULEii(S (hushes Aircraf I;) : I’m a little confused 
about something. You say yo11’re locb,incl at the positive 
electrode. kiCtiJ2ll)' %::e double layers lcok like two 
capacitors in series, L;.iich means the one wi.th the least 
capacitance ~ulo snow up in your terst. 

ijO I have that right’! 

;!J(<&‘i-~~ : Is tnnt what you’re tryinp to say? 

lj 1 Sl’EiAI\IU : /tlhat happens is in this two electroue 
moue that we’re doing these tests the contribution from the 
caolijium necativc electrode does not enpeer to show in this 
soec tra. 
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. . . . _,_, .___ -_--.~ 

#I- JPL NICKEL-CADMIUM BATTERIES TASK 

. 40, 12 AH CELLS . AC-IMPEDANCE 

. 20% 3%. !Xl% DOD 
DESTRUCT 
ANALYSIS I 

I I 

l POST MORTEM CHEMICAL/SPECTROSCOPIC TESTS 
l MECHANICAL PROPERTIES OF SINTER 

Figure 14-l 
PURPOSE 

. PROVIDE A NON-DESTRUCTIVE METHOD TO ANALYZE AND 
STUDY DEGRADATION PROCESSES 

.TO PROVIDE AN IN SITU TEST OF ENERGY AVAILABILITY 

.TO PROVIDE A TECHNIQUE FOR THE DETERMINATION OF 
FAILURE “SIGNATURES” 

*TO PROVIDE A NON-DESTRUCTIVE MEANS OF PREDICTING 
BAllERY CYCLE LIFE 

Figure 14-2 

.A A.C. IMPEDANCE TESTING - EXPERIMENTAL 
TECHNIQUE 

l CELLS CAN BE MEASURD AT 
SEVERAL STATES OF CHARGE 

l IMPEDANCE IS MEASURD 
OVER FWllENCY RANGE 
0 1 mHz TO 10 KHz CURRENT 

. SPECTRA ARE MEASURED 
FRChI CURF(ENT RESPONSE 
TO A 10 mV RMS ALTERNAT- 
It& VOCTAGE APPLYD TO THE - FEQUENCY 
EQUILIBRATED STATE Of RSPONSE 
CHARGE OF A GIVEN 
CELL AE sin wt 

. FREQUENCY RSPONSE ANALYZER 
MEAStIR IMPEDANCE AS A 
NNCTION OF FREQUENCY C(HIPUlER 

lERh!lNAL 

Figure 14-3 
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4+ I A.C. IMPEDANCE TESTING 
SIMPLE CIRCUIT THEORY 

2” 
. AE sin tit =>hi sin f ot + 0 I 
. 2. AEIAi 

-IMPEDANCE AS VECTOR 
IN COMPLEX PLANE 

-R- 
- 

-REVON% OF PUBE - FcESPONSt OF PUM 
SESlSTIVf ELEMENl CAPACIIIVE ELEMENT 

- lESPONSE OF CllC”ll 
ELEMINTS IN SEMES 

. * 2 
-R* 

P 
-IESIONSE OF CIRCUIT 

ELEMENTS IN PMALLEL 

Figure 14-4 

A.C. IMPEDANCE TESTING - EQUIVALENT CIRCUIT A.C. IMPEDANCE TESTING - EQUIVALENT 
CIRCUIT RESPONSE 

. EXPECTED FREQUENCY CSPONSE OF EPUiVALENT CIRCUIT 

z”A~-RR~$)Z+iz’~z’(~)2 i Z”.Z’-Rn. RCT + 20%~~ 

I 
KIMIC I 1 MASS TRANSFER 
CONTRU 

1 
I ; CMRCX 

I 

%k - DCUBLE LAYER CAPACITANCE - REFLECTS M ELECTRODE SURFACE 
AEA AND CONCLNTRATIM OF IONS, ADIONS. AND ADSORBED 
SPECES 

RcT - CHARGE TRANSRR llESlSTAHCE - MERWNlffi FACTOR IN THE RAlE 
OF ELECTRM REACTIONS. HIGH VALUES MAY INDlCAlE IRREVERSAM 
RcACTIQIS 

ZW - WARBURG’ DlFFLlSlffl IMPEDANCE - KASUR OF SURFACE 
CONCEMRAllOM 

R,-, - SCLUTICM AND SEPARATOR RSlSTAKES 

. MlHOD HAS IfEN VALIDAPO IN THE LITERATIJE 

.PARAtMERS CAN BE OBTAIPED DlltXlLY FRW CHARACtERlSllC 
SPECTRA 

Figure 14-5 Figure 14-6 . 
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iy,~i---.~ A.C. IMPEDANCE TESTING - TYPICAL SPECTRA 

CCHPLEX IMPEDANCE DIAGRAM L2-880d) 
I I 

CONTROL CELL : 
I I 

1 

I I I I 1 

0.1 0.2 0.3 0.4 

Z’ tohms) 
Figure 

CmPLEX IMPEDANCE DIAGRAM L2-82(OV) 

25 
T = 4D°C, DOD = 35% 

- 

Z’ lohms) 

-Q- s” . POROSITY VS. RESISTIVITY 

. #VELOPED A CORELATION BETHEN ELECTRtCAL RSlSTlVllY AND 
SINTERED PLAgIJE POROSlTY 

.AS & APPROACHES +,~Ax ~SlSTNIlY INCREASES WITHOUT LIMIT 

Ro 9 RESISTVIIY OF BULK NlCKEL 
a 7 p-ohm-cm (LlT. VALUE) 

@MAX = MAXLMUM POROSITY CONSISTENT 
WITH STABLE PACKING 

RESISTNITY VS POROSITY 

U @(POROSITY OF SINTER) PMAX 

Figure 14-8 
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+ ’ 1’ A.C. IMPEDANCE TESTING - POROUS ELECTRODES 

-. .- . . “> .DEPENDENCE OF IMPEDANCE 
WITH FREQUENCY AS A FUNCTION 
OF PORE GEOMETRY HAS BEEN 
DETERMINED. 

- H. KEISER, ELECTROCHIM ACTA., 
9 539 (1976) 

Re(Z). i-t (Z’) 

. USING CYLINDRICAL PORES AND TRANSMISSION LINE THEORY Z” 

IS PROPORTIONAL TO w -3’4 

. FOR PLANAR ELECTRODES Z” IS PROPORTIONAL TO w -112 

Figure 14-9 

12-59 IMPEDANCE PARAMETERS 

SLOPE OF A s -0.769 
SLOPE OF B 2 -0.526 

FREQUENCE Z’V_sw 
RANGE 

~100 mHz 2,xI-314 

..: >l Hz 2’w&J-1/2 
L. . . . . . . . . . . . . . . . . . . . ... 

i 
-1 0 1 2 3 4 

LOG w 

RESULTS 

.IMPEDANCE PARAMETERS MEASURED 

METHOD h-2 RCT ‘dl 
Z’ v_s Z” 0.0475 0.175-o. 22551 1.36-l. 74F 

LOG WV> Z ’ 0.0475 0.132551 1.51F 

WZ” vs Z’ 0.0475 0.132551 1.98F - 

l IN ONE FREQUENCY RANGE (<lo0 mHzl THE CELL BEHAVIOR 
CORRESPONDS TO POROUS PLATES AND IN ANOTHER (3 Hz1 
IT CORRESPONDS TO PLANAR PLATES 

Figure 14-10 
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A.C. IMPEDANCE TESTING 

l ELECTROCHEMICAL PARAMETERS FOR CYCLED CELLS 

CELL NUMBER CYCLES zW Rs2 RCT - - c& 

3D°C, 59 0 4. 0 0.04 0. 14 3. 6 F 
35% DOD 59 1116 3.0 0.07 0.33 1.7 F 

3o"c, 68 1957 1.3 0.03 0.6 15.2 F 
%DOD 68 3119 3.4 0.04 2.9 2. 2 F 

40°C, 82 1332 23 0.04 21F 
35% DOD 82 2448 1.8 0.03 2. 2 F 

Figure 14-11 

. ” 
-;“lr 

$7.’ A.C. IMPEDANCE TESTING 

"SlGNATURE"FORCELL FAILURE OBSERVED 

C@vIPLEX IMPEDANCE DlAGRAML'295tOV) 

12qjww 

2 4 2 4 6 6 8 8 

RCT =1452 ' I 

COMPLEX IMPEDANCE DIAGRAM L 295iOV) 
I I I I 1 

Z'(ohms) Z'bhms) 

Figure 14-12 
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4 k: . Snritzer 

Villanova University . 
I03 liks to talk today about a brief study that 

was done here at Goddard this summer. ?he idea was to see 
if by using basic electrochemical ,principles, without trying 
to Get too empirical, we could evaluate several, or come up 
with several, different models and ccmqare them with some 
experimental dzte that had been taker previouslv. u're didn't 
take z-he exoerimental data. 

(Figure 15-l) 

If we start with a very sin:ple-mindea 
t!~errnooyne:nic ITlOde of tne nickel-CaGmiIJW cell and we lJSe 

tirlt; usuel reaction equetion proposeti for the reaction zt the 
positive, de get a stanciarci PIernst eouation for the 
!lotential which can be rearrana-?c: sljc:titiy; ~0~~~1 see in a 
:lioment why. 

sirni lzrly, for the reactior rlrecedinq at the 
ne(.!ni;ivt? we come IJO with a r;imilcr bernst type equatio ni 
it/c- * J !3roken urj in this form as you'13 SFF in a moment. 

(Figure 15-2) 

Ljn tt;is vucreph, my ccmbininq the two eouations we 
come up with a Nernst type equation for the potential of 
the cell. Now at this point we make some assumptions: the 
assumptions being that the solids at the negative-that is, 
the cadmium hydroxide- are in fact separate phases, and we 
can take each of their activities to be one, which is 
going to serve to drop out this term from the equation. 

(Indicatino.) 

!.jut there is some evidence in the literature that 
et the positivr:, in fact if these arc the two species we're 
(:!?,jline :/it-h. the oxyhyaroxide and the hvdroxiae ;3re not two 
sscaratz phases dith activity one, b!!t, rattler, at least for 

177 



most of the cycle, are in a sinole phase, in other words, a 
solid solution. 

If this is true the activities of neither of these 
are trulv one and can be represented in fact by their mole 
fracticn in this solid solution. If k.e make a further 
simplifvina assumotion that these are the onlv two 
components in this solid solution -- ?rhich is probably not 
true -- then of course t.‘lesr mole fractions must a*o up to 
cne. .F!hich means, then, that if we then renresent -- to 
sirnplifv the eauations -- the mole fraction of the nickel 
tlyclroxioe o\/ X -- then, of course, t !.,e oxyhydroxide becomes 
one minus X -- an..j a Sernst equation representation for the 
cell becomes this. 

(Inaicatincr. 1 

Also, we can represent the fraction of discharge 
by this X since if the cell was completely discharged, the 
nickel would all be in the hydroxide form and the mole 
fraction of the nickel would be one. And if it was 
completely charqed- whatever that really means-then 
this mole fraction would be zero and this would be one, 
which fits into this equation. 

(In3icatino. 1 

kctual.ly those two extremes woula not fit into 
this eauation since you can’t have ejther one of the terms 
in the 10~; t er:c be zero. So it tloesr’t really 
t~!athemetically fit on either end, at least lOi) percent or 
ierc percent .iischa;-c!e. 

Since there is current f lob. conditions Iunder !nost 
of the tests, or the tests that, we used -- of course, in 
actual operation the nctential must be corrected for 
resistence of the cell an3 the current flow. 

;:hat we uid tnen was, us inc some 1 iteratrJre valises 
for formal aotentials, incorporate a formal cell potential, 
which then has this fern. 

(Figure 15-3) 

tin this vugraoh tne previous equation is repeated. 
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As you can see, this is a rather poor fit. The solid curve 
is n plot of the a:luation and the brcken cylrve is z plc’; of 
pn exnerilnental ciischercre curve, ancl, as YOU ,prooably 
expected, d3e.sn0t fit very dell. 

‘1.3 e next approach was to lcok at B moe'ificc:' 
therrrlociync?!7i c r:loc!2 1. This is also cased cn so3e literature 
cr?cecent. 

(Fi7ure 15-4) 

b ,i h 6 t ’ 5 arjcecl in this ;3articular equation -- this 
nns Uoesn’t include the resistive term yet for purelv 
r;otent iometr ic therrylodyn5mics. 9‘1) i .s term t3la:e.s into account 
;.:i tl:er .i ,7 e;itrc’3v GI’ int?rrction or cf s9ll.ltion TCrmetion or 
2r.3: - ice;.:li ty of so1i.c solution forrli3t ion . IntrodlIcinq tnis 
t -2 r I. i. r-1 i: t il.? v&::LIt’ cl’ .:‘:/.i’l’, if it is zero, -then thidir. is 
r.,.3 5 i c i: 1 1 y -,!-I i <.:e ;. 1 5 i: I i 0 s (: 11.1 t i 3 n tnr.: i t br i n q s I.J 5 c:: 2 c ic t 0 

Li‘, c y;i:nl-.i]. i ii I?::] ti-,,~r.i100j'T1;~,:rli C i>OC?J? 1 . 

I’0 sil;l::lifv tr.e equation wE repl;?ced this term 511 
,‘\ ’ (inzic,3tinc), and then it? fact, fit this equation, which 
r) :3 bi ;,e,;5: 2 resistive term, to a set oi experimental :Jiscnar;-re 
C!JTVt?S ani ‘1o.L n lec7st squares best lit for the parameter r<, 
eveluatinr; the resistence -- :A!hich 1 don't have 
i:-IdiccJt?d here -- basically by fittira it at 50 percent 
ci.schc^rc7e. 

Ijo these curves were made to i it. Ancj tne fit is 
m!Jcn netter-. 1’11 comment a little Iurther on Lhe l-it. 

At least i’rom 50 percent on tne fit is fairly 
coot:. And there’s a proolem here with the initial ;)ortion, 
whict-1 1’11 come ,?ack to in a noment. 

(Ficjure 15-5) 

Another model, elmnost as an afterthought: 
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since it’s well known that the oxyhydroxide and hydroxide 
have different resistivities we triec one apgroach with a 
varying resistence. And this is without really very 
good reason, just trying an equation where ttie resistence 
varies, and it varies in an exponential, e to tne minus one 
minus X where X is again the fraction tiischerqe or the 
mqle fraction of the hydroxide. vie Fet a similar fit. 
1’11 compare these fits in Just a n,on-ent. 

Then we deciaea to try a tctally different 
anuroech. 

(Fiuure 15-6) 

1’~ not sure how rr,any of vcu are familiar with the 
tecr:nicIu? Lnowr. as chronopotentiometry, which Dasically 
invol~i.~ constant current electrolysjs, monitnrinq the 
i-:ot2Etialr which is essentially the bay all these tests were 
r9n. Find the curves -- ?his is a tyricel tyne of E 
ch1-cc~orJoten’iio(7ra’TI mere the ,7ctentit-1 is monitored as c? 
f!~r!ction or tilile and un3t3r d iffl:sicn controlled conuitions. 
i,ihe,-) -tnc diffusion layer is essentiallv de3letec-l there’s a 
r:+Fic: are!, or than:.!? in the r?ote?tiaJ, and’ the time to 
c:chieve this is caller: the trhnsitiori tirn?. And the 
i..OtC?f~ti;31 corrc!sp3ni;incr to one-quart.Er cf the transition 
ti!!lf is in fact co?:li;ra:3le to related to the formal 
!_:otential for t?e system. 

lhe standard ecruation for this type of curve 
invclvcs (indicating) -- Here’s the transition time and this 
i.3 the time at any Doint along the curve. 

I\; 0 w i f we regrrenqe it slightly, the term within 
‘. n E lee term, 14re can f;et dn equation in this l’orm. 

(Indicatinq. 1 

?iow at constant current the cnzrge at any instant 
is e:~ual to the constant current times the time at that 
i35tant. Ana the total capacity for this partic:!lar cell 
represents the transition time multiFli2d 5y tt?e current. 

(tiuure 15-7) 

‘This tvoe of an eauation new where X again is the 
i‘ r a c t i 0 n 0 i’ d i s c ha r cl e , w !-I i c h i s simply the time dividea by 
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the transition time since the two respective charges are 
those times multiplied by the same current, we can get an 
eauation like this (indicating). 

From this diagram it doesn’t seem -- and in fact 
it’s true it -- doesn’t fit quite as well as some of the 
others, but basically it has the same form. 

Let me very quickly move on to another model. 
There really isn’t time to go through all the details. 

(Figure 15-8) 

This assu;lies there’s a doutle layer charqino 
contribution which tends to distort the current -- or, 
rather, the potential time curve. And the net effect there. 
in the literature there are some stucies done evaluating 
that problem. And it turns out there’s an adjustable 
parameter that nas been introduced, end this term here 
(inoicatinr;) enters into it modifvinc tile equation. The 
value of this X was fit 3~ the least soueres method using 
tile test data. :lnd this was the nu::Ler we ended up with. 

(Indicating. 1 

<;hich is this particular curve. And, aqain, the 
oroken one, which is hard to see on here, is the 
experimental data. 

Let me compare the aifferent moaels on the next 
Luaraph. 

(Ciaure 15-9) 

tiasically for the different motels tnis is the 
error curve. !!ow each of these is ccne bv comparing the 
calculatec or the eouation with the same test curve. 
Ps you can see, this is the simple-r ~~;nded thermodynamic one. 
It only acrees on the one ncint anc c’ feK otner points that 
we made fit. The others aoree from about jir percent on, 
more cr less. 

This is the chronopotent 
is the modifiec one. 

iome t r ic model, and t’h is 

(Ficure 15-10) 
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On this vugraph there is a better comparison. 
These are equations for the five different models that we 
considered. Obviously this one was ‘just put in there, 
knowing beforehand it wouldn’t really fit. tjut basically by 
now doing a data analysis, the standard deviation for all of 
the curves with each of these equaticns, these are the 
standard deviations-in millivolts for the whole curve. 

I broke it up into three different sets, the fu!l 
curve * which is this column here (incicating) of the 
different standard deviations, the first half, zero to 50 
percent, and then the last half over here. And so far it 
seems the best fit in all reqions is with the modified 
thermodynamic approach. The chanqinc rosistence one is not 
far behind it. The chronopotentiometric one actually is 
fairly off. And this one, of course, we expectea to be off, 
although on the whole it’s really not bad, less than 15 
millivolts standard deviation for the entire curve. 

Now why the initial portion does not agree is 
something that we have to work on. Either it’s an artifact 
of the way the tests were carriea out or there is actuallv a 
change in mechanism or some phenomenclogical problem in that 
region of the discharqe ch&racteristic curve that we’re not 
introducing into the model. i-lop ef u 1 ly , further work will 
try to pinpoint down what other parameters have to be fit 
into here in order to get tnis to better fit the region 
which in fact turns out to be the most important reqion, the 
first 50 percent of discharge rather than the last 50 
percent of discharge. 

Thank you. 

DISCUSSION 

SCl4UL!4AN: Are there any questions for Dr. 
Spritzer? 

SPERbER (GTE): pihat does the five percent cobalt 
that people typically mix in with the metal do to your 
equations? I./m talkina of the nickel here. 

SPR ITZER: Yes. 

At this point I’m not reallv sure, but if -- in a 
very simple minded approach if you simply take the five 
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percent and adjust the mole fractions, for instance, they no 
longer add up to onz. but that’s a relatively minor 
adjustment to the equation. 

\Vhat it does mechanistically I can’t really say. 
In terms of how it could fit in this model with five percent 
cobalt, for instance, if you assume that’s in the solid 
solution that would decrease the molE fraction of both forms 
of the nickel. They simply don’t add up to one then. They 
add up to .Y5, if you take five mole percent; the figure 
woulo be different if you actually go in at five weight 
percent. 

RI T-TEHMAN (TR/V 1: All your mechanisms assume that 
you have a solid solution of nickel hydroxide and 
beta-nickel hydroxide. 1 was wonderinq if you checked 
various percentages of this solution on open circuit. That 
is to say, when you have ten percent you should have a 59 
millivolt drop or rise, what have you. And that would 
probably be an easy way to determine whether you do indeed 
fhave a solid solution or not. 

~PFZI-I‘ZE;?: The data we were using was aata that 
Aas oetermined a number of years ago, ana so it wasn’t 
really possible to oo back experimentally. Ihat’s another 
t 1’1 i n (I4 . 

2 ITTERi?4AN : Well, yes, it is. You simply take a 
positive electrode and you have it 100 percent charged and 
;;ut an open circuit and then discharge it and leave ten 
percent or any value in between anu see how that affects the 
open circuit voltaqe. 

SP9 I 1ZEii : Yes, I understand that. Unfortunately 
1 wasn’t in the laboratory for this Farticular project, so I 
couldn’t really do that. 

iAAPGERU?J (HUGHES HESEARCH LABS 1: Apparently there 
are some recent studies where people were not able to find 
nickel oxyhydroxide in the nickel electrode. i-low would YOU 
modify your model if that happens to be the case? 

SP.9 ITZEii : The same thing bould basicallv apply, 
for example, to the nickel two and four hydroxides. You 
could use a sirnilar moael. Obviously the exact model is 
uifferent. There has been other evidence that the 
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oxyhydroxide-has been indicated. 

There is a paper, I guess Fround Februarv of this 
where they’re prooosina essentially solid solution 

zft”;’ proton and electroh separated, and essentially it is a 
proton on oxyhydroxide or on the hydroxide that is free to 
migrate. 

Thermodynamically it could fit any model that you 
pick. nhether it will fit as well, 1 don’t know. 

STCCKEL (COMSAT> : You fixed a temperature here, 
is that correct? 

SPHITZE2: There were several different 
temDeratures that the data was taken at. 

STi3CKEL : 3ut did you consider that the 
temperature can change during the uischarge? 

SP2ITZE2: No ( this didn’t take that into account. 

sTOCKEL: You don’t feel ttat that would affect 
your model? 

SPHIlZEt?: In terms of the test data the 
temperature was maintained constant. 

i\low since there’s a temperature term in fact 
varying the temperature could be plugged into this. 

L)Ytli (bell Labs): A question of clarification: 

90 I understand that these curves, voltage as a 
percent of uischarqe, were on during discharge or were thev 
ooen circuit measurements? 

SFRITZE:?: During discharge. 

DYEH: gkay. 

Are you aware of the work cf dernard? I think he 
sic some open circuit measurements and he seems to have some 
very similar ioeas to yours of mixed oxides, non-ideality, 
anu he got a very gcod fit, I think, with open circuit 
measurements usinq the thermodynamics modified models. 
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SPRITZER: Yes * I./m aware of that. 

REICHMAN (ECD)t Ahat's your conclusion from such 
a model? what would you prefer: Would you prefer it to be 
two separate phases or to be a solia solution from a 
practical point of view? 

SPRITZER: What I would.prefer or what I have to 
conclude from the data? 

It would be much simpler if it was two separate 
phases. 

REICHMAN: Simpler to make the moael. 

SPRITZER: Yes. 

REICHMAFJ: But from a practical point of view'! 

SPRITZER: I like the single phase model. 

Now the Bernard group has proposed a phase 
separation into two phases with complementary compositions 
so that they remain essentially constant for a good portion 
of the cycle. 
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Figure 15-2 

Figure 15-3 Figure 15-4 
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Figure 15-5 
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Figure 15-7 
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Figure 15-10 
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NiCd BATIERY FAlLURE ANALYSlS 

K. Sense 

RockweJl 

We-'re dealing with the nickel-cadmium battery 
failure analysis. 

(Fiqure 16-l) 

The test plan in this figure is as follows2 

We had a 22 cell nickel-cacmium battery that had 
successfully passed functional and random vibration tests 
ana was being readied for qualification level thermal-vacuum 
tests in a vacuum chamber, according to the test plan as 
shown in Figure I. 

The intent was to trickle charge the already fully 
charqea battery SNOc\ 1 , charged at 29.742 volts or 1.352 
volts per cell, at a .5 amp rate, hold the battery mounting 
surface at 22 degrees C ana maintain a chamber pressure of 
less than I times 10 to the minus 5 torr over the weekena of 
January 16 through 19 of this year. Since this was 
considered a benign environment complete functional 
monitoring was not activated. 

Thermal vacuum testing was to begin Monday, 
January 19 -- that is over the weekend, of course. 

(Figure 16-2) 

This slide shows the test configuration. 

As shown in Figure 2, the battery was fastened by 
means of a thin layer of thermally-conductive adhesive to a 
copper cold plate, wrapped in ML1 thermal insulation, and 
mounted on a micarta shelf in the vacuum chamber. A Haake 
temperature bath with an N2 controller pumped coolant fluid 
through tubing soldered to the copper cold plate. Strip 
heaters on the cold plate were not energized. A Perkin 
Electronics power supply provided the trickle charge via an 
inoperative battery test console and vacuum penetration 
cabling. 
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(Figure 16-3) 

This gives the condition of the bat%ery test on 
I/I Y/.bl . 

At about 8:lO a.m. on Januery 19 the conditions 
described in Figure 3 were observec. The battery was 
completely destroyed. Some ceJls were blown apart. The 
rest were huloed so t!jat all were unsealed. ?arts were 
scattered throughout the V~C[IIJIII chamber. :Ic::,r is f ou led the 
vacuum system. The vacuum chamber WCS subseo:r2ntly 
backfilled with nitrogen, oi>ened, enc tile contents carefullv 
removed. Representative photos of specimens are shol::n in 
Figures 4 through 6. 

(Figure 16-4) 

Ne weren’t very hi.Larious st the time we sew this, 
as you can imagine, because we hao a 22-cell battsry which 
was fairly expensive ano it ha-l gone thro:Jg!~ a.!1 of the test. 
procedures and oassed them. 

This is one of the constreininc nlates t?at holt?s 
the battery tocetner, in other worms tfle ‘2 cells. 

(Figure 16-5) 

This shows a layout of the way the inaivioual 
cells were arranoed. You can see thet so?e of tnen were 
completely exploded: a 11 of thea! were nnensii. 3 !I t t, !-I i s i ,s 
the order in which they ItJere arranged in the battery. 

(Figure 16-6) 

The next sliue shows the sFrrle thin?, except fron! 
the other end. 

The cause of the disaster, hunen error, ca!.~sed both 
the heater and the circulating pump for the coolant to shut 
down when the battery was warmed to ten deqrees Celsirls. It 
had been at one degree Celsius. Hence the -battery and the 
coolant were effectively isolated frcm ?cch ot!lcr, the 
battery being heated continol.rsly by the trickle-charoe i’l?llt 
while the coolant attaine:l very 10~ teaperat.tlr2s. 

(Figure 16-7) 
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The specimen analysis conclusions. The final cell 
temperatures were bracketed by the fact that the nylon 
separators melted at 216 degrees Celsius and the nickel 
hydroxide decomposes at 230 degrees Celsius. The nylon 
separators melted and the nickel hydroxide did not 
decompose. 

Potassium carbonate is an end product when nylon 
is degraded chemically in a nickel-cadmium cell. Hence the 
presence of potassium carbonate indicates chemical attack on 
nylon. 

‘The cell liner, Kynar, was not chemically attacked 
but was found to have been melted. Ihe melting point of 
Kynar is 162 to I64 degrees CelsiIls. 

lhe complete and psrtial dfschsrge of the 
electrolytic plates indicates that lFr?e 3morlnts of enerqv 
were discharged into t!le cells. 

(Figure 16-8) 

our first course of action after %he explosion ~-7s 
to see whether trickle cherqinq the LattFry 5,~ itself WPS 
sufficient to have caused the high ttttery ter?rJeratcrres 
called for by th? e:~nlysis of the spE:cii:lens. .A t’-ler!n?l 
response test, SYW2, was underte~~en to cietsrlaiqe the rate zt 
which the temperature of thr battery rises. 

~32.6 calories per degree CelsirJs. 

(Fiaure 16-9) 

rue’11 go throlJqh this elemfntzry an,alysis here for 
purposes of seein:! that. NF? wou1~1 not net up to the high 
temperatures called for by analysis j f we considered only the 
energy input resulting frOill trickle charqinc-; ttle t:atterv. 

The time from the start 01’ trickle charcde to 
discovery of the accident wils 611.7 hours. The initial 
battery temperature was one degree Celsius. Therefor? the 
maximum possible battery temperature due to trickle charge 
elone is I52 degrees Celsius. I!olwever the att2insc.l bat.t:?ry 
temperature, as determinea from anal)*sis, was 2ld t,o 2LY 
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ceqrees Celsius. 

Obviously, then, an additicnal mechanism is 
responsible for the battery temperature attained. 

(Figure 16-10) 

Lee have here a figure on the discharge capacity of 
a cell, and the fi.gure shows that there is a dramatic 
decrease in cell capacity with increase in temperature. 

(Figure 16-11) 

This is from the GE manual, a figure on the 
self-aischarge characteristics of the nickel-cadmium cell. 
The figure shows how rapidly a cell cischarges as a function 
of temperature. It is evioent that en increase in 
temperature from 20 degrees to 40 decrees Celsius shows a 
much greater discharge rate than when the temnerature is 
increased from zero degrees to 20 cec’rees Celsius. 

(Figure 16-12) 

The scenario i or the battery temoeraturn ri.sino to 
216 to 22Y deorees Celsius is as follow:~: 

Since the cells were fully charaea to start with, 
any trickle-charge input turned to heat. Since the battery 
was in a nearly adiabatic state, the batt erv temperature 
kept rising steadi Iv. The cao.acit;j cf a nickel-cacimium ccl1 
decreases with temperature. As the te;.r:ner;:tIIre is increased 
the excess capacity must be dumped into the cell itself, 
further increasing its temperature, causing fi.lr-ther dumping 
of energy into the cell, thus establ jshing a thermal runaway 
conoition. 

As the temperature rises these processes take 
place at an increasingly faster rate. 

(Figure 16-13) 

The sucgested mecnanism responsible for 
self-discharge of nickel-caamium cells is as shown. The 
charceo nickel electrode is not thermodynamically stable, 
but decomposes with the evolution cf oxygen. This implies a 
decrease in the state of oxidation and, henc?!, a lowered 
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energy state. Though slow at room temperature, this process 
is accelerated at elevated temperatures. 

lhis increased amount of oxygen may also lead to a 
lowered energy state for the cadmium electrode because of 
the reaction of oxygen with cadmium and Kater to form 
cadmium-hydroxide. Both processes release energy into the 
cell. 

Secondly, processes involved in forming the 
electrodes usually use nitrates of cadmium and nickel as 
source materials. Though efforts ere generally made to 
reduce the nitrate content of the electrodes as much as 
possible, even a vei-y small amount of nitrate will generate 
a so-called nitrogen shluttle cycle of’ self-discharge. The 
cycle will continue until the cell is totally discharged 
with the probable reaction of ammonia, with NIXJ’r~ to form 
nitrcgen and nickel hvdroxioe. 

(Figure 16-14) 

There are other temperature increasino factors. 
5eparator puncture results frorn several causes. For one, 
uepredation of nylon occurs. Ahen the cell temperature 
reaches the melting-point region of t!-,e separator, which is 
about 260 degrees Celsius, the comoination of nylon 
aegradation, nylon melting, and buckling of plates is likelv 
to lower the impedance between the plates. 

In some areas all the nylon mey be squeezed out 
between the pletes, causing short-circuitinc an3 high local 
temperatures. 

The interaction of nylon separators with K(LjH 
solution has been extensively investiqeted by Lim of 
Hugh es. He has shown that nylon-o is degraded in two steps, 
hydrolysis, the slow step, follower by oxidation, which is 
the fast step. 

,.I !sle note from the equation that besides nitrogen, 
potassium carbonate and large amounts of water are formed. 
lhe liberation of nitrogen will increase oressure within the 
cell. Furthermore, the overcharoe protection at the cadmium 
electrode is lost w;len the reaction c’oes to completion. 
hhen this occurs hydrogen is producec under overcharoe 
conoitions, resulting in a potentially explosive situation. 
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lhis will occur when ten percent of the nylon is completelv 
oxidized accoraing to the equation Shown, anu will 
completely ruin the cell. 

An Arrhenius-type enuation, shown at 2b, was useu 
to determine length of time required for ten percent 
degradation of nylon-6 in !<OH as a fl:nction of temperature. 
lhe constant, A, was determined from Lim’s work. The 
equation is plotted in the next figure. 

(FiGure 16-15) 

This f iaure is a plot of the time it takes for the 
cell to be ruined as a function of temp::rature under 
overcharge conditions. v/e note that at the cell temper=.%lire 
attained, accordino to the specimers nn;?lysis, nudely 216 110 
229 cecrees Celsius, the cells are comnletzlv ruinei? in 
about five to six minutes. 

You see, this scale here is in minl.ltes. A n d, for 
convenience, I hava p;-,rlt, c:own the hours, ciays, ~~~3r:ths :n.i 
years. t3ut the thincr tilet :\‘p’re Ir.tl-‘resteci in is tnat :;‘r? 
have attained temo?ratures in this rc:;icn that cnl~se 
the cell to be ruined in a very, vi’ry s?,ort tims. 1~‘s -7 
matter of minutes. 

This, then, explains that w ~:cr~la have toe 
condition that did exist. 

I was going to sho:q! a couple of more slioes, b!lt 
I’m not going to because it’s a kind of exercise in 
futility. What I was aoinc to co is oive a lower nollnd ?t 
which the temperature rises over the ti?ie interval in which 
we’re interested. 

I think it’s qrlite obvious from the t?..ik that I’ve 
given so far that the kinetics of the si%uatinn increese 
very, very rapidly. As you well knob,, the rat2 of thcl 
reaction is increased by one ant a half to thrse tirr!es for 
every ten dearees Celsius’s rise. And so it doesn’t req1l.v 
take much imagination to realize that. once t’7e 
self-discharge gets started it increases at a ray>izlv 
increasing rate and nets to the temperature that we’ve 
indicated. 

Now the other thinq that I ought tq -mention is 
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that as the cell discharges itself, enough heat is liberated 
within the cell to take it to a little over 200 degrees 
Celsius. Now this, adaec! to the trickle charge inprlt, which 
takes it to a little over 150 degrees Celsius, wou13 take 
the temperature to over 350 degrees Celsius. So there is 
no problem as far as the attainment of temperatures in the 
range of 220 degrees Celsius is concerned. 

This ~0nc1u~Ie~ . J my talk. 

!j ISCUSS IO!,: 

CONSTANTII:EAU (Pellon Corp. 1: Fihat type of 
separator was used in this battery’: 

SENSE:: Nylon. 

mits;‘rAN’rI;;st:u: Lnat msnuf ;ctureri do yo1.r know 
offhand? 

s;Ep,ljE: Mhatever Ceneral trl ectric uses. i‘hese 
here Leneral filectric cells. 

In 01Jr sepfirators, nylon separators, we do contain 
cllJj.te E bit cf hetercfill fibers or nylon-66, which have a 
mrJci-i lower meltincr temperature. Could this affect yolur 
results? 

In our rhaterials we do nrjt in more than ten 
percent of heterofill fiber, ?vldn fitjer, namely nylon-65, 
End it has a ilIUC!T lower me1 Lint-r texpEratur4. ;‘icllld this 
have any eff wts on your test resxlt.‘.? 

SClJ\ISE: iiell, the main thiral i: that there's 
enouch nylon -6. Nhstever else mav 5,;~ ac;dt?;? I !-j?n’t reallv 
thinlc would really have that mulch nf .an im:nact on tP,e 
overall situation. 

CONSTANTIKEAU: iJ?av. -hCPk yC1.J . 
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MAHGErlUM (Hughes Research Labs > : Sylon-66 
hydrolyzes sooner than nylon-6; not of-lite as fast, but yot~‘d 
have the same sort of effect as you observed if vou had both 
present. 

FORD (NASA Goddard 1: I’m l.ooking at your picture 
of that explosion. It lookea like it. was quite an avalanche 
or catastrophic. 

2ic you take into consideration the possitiility of 
6 mixture of oas in the cell with an arch that could ca~lse 
the initial exolosion and the penetration of the impact to 
other cells, you ?now, as an avalanche type of effect? 

YOU know, there are recorcs where cells have 
expl ode0 spont3naous ly on cycl inci very few, fortunately for 
the I\:iCc i3us iness, but that !?as happened before. 50 t tlere’s 
no resson to believe, thst, you know, this coulri not haroen 
enain cne day. 

SpJs ;+ : Vuell ( I’:? not sa75’iro that it couldn’t 
haoren. I r,‘on’t t!hink it hanpenecr ir this particular 
instance because we had the exylodcc ce! I.5 in more or less 
is01 eteci areas. In other words, the ex;-,lor!ec! ce!ls b:eren’t 
all ad-‘aci?nt tc e3ch other. W e !-~acY r 0 n -explocec cnlls 
adjacent to ex;~lode> cells. 

So in ans!c;.?r to yol!r commer.t, I’d say it micrht 
haopen, but it certainly die not barren in this case. 
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#Figure 16-l 

Figure 16-3 
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Figure 16-4 

Figure 16-6 Figure 16-5 
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Figure 16-7 

Figure 16-9 
~-.,.Ic.m~“ldII 

~;;r.,n*“nmn.r- 

Figure 16-10 

Figure 16-11 
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Figure 16-12 

Figure 16-13 
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Figure 16-14 

Figure 16-15 
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LIFE PREDIClION MODEL cLlrh‘PA13 ISCNS 

I. Schulman 

JPL 

It looks to me like nickel-cadmium just ooesn’t 
want to be outdone by lithium. 

The work I’m going to describe has been sponsoreo 
by the OAST office of NASA under a general effort describea 
by Dr. Ambrus, your first speaker yesterday in the morning. 

During the past few years there have been 
published a number of predictive failure moaels from 
nickel-cadmium aerospace cells. In fact, some of these have 
had their first disclosure at this wcrkshop. This report is 
a discussion and comparison of three such models, ana they 
are best entitled the McDermott model, the Lander model and 
the JPL Failure AIod?l. 

(Fiqilre 17-l) 

The McDermott moael, of course, as vou know, has 
been aerived by Dr. Patrick YcCermott, who is on the 
teaching staff of Coppin State, and kgho is P consrlltent here 
at Goddard. 

Dr. John Lander, who is very well known in the 
battery community and whc is a member of the technical staff 
of the aerosnace Dower division ano P:rinht-Pat, of course, 
authored the Lander I,lodeli and the JPL Fei lure iiodel is 
principally authored by Dr. ljob iadis, who is a memoer of 
the technical staff at JPL in Pasadena. 

lhe puroose of this report is reallv to aiscuss 
ana compare these various models, enc in no way is intenaea 
as a criticism of any of them. 

t’Jow each of these ,oredictixe models is basea on 
data obtained from the NASA accelerated test program, and 
509 of course, a few comments Should be maae about that 
program. 

L 

This test program was an extremely aaventurous 
endeavor and it made attempts to solle mzny, many 
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uncertainties. The overall program was well planned and 
considering its size was also extremely well conducted. 

As most of you know, the simplest cycling program 
often has many difficulties, mostly associated with power 
outages, failures of equipment, etc. Therefore a cycling 
program as large as the NASA accelerated test program -- 
and, by the way, there were approximately 543-ooa cells in 
that program in 87-cell packs -- such a program must be 
considered a unioue undertaking, and the heapons Support 
Center should be commended for their effort. 

In addition, their interim report is an exce!Ient, 
report and contains information which q>aay stand for a 
considerable time as probaolv %he nest complete data neckede 
concerning nickel-cadmium aerospace cells. 

The first slide merely sho\q*s the vnriolls models 
and the constants associated with them. iht!7 the ;.IcI>er73t t 
end Lander models use the more classical reoressinn 
techniques to achieve their prec!icti.v.;F! :rlodc?ls. There ilf P 
certainly implied boundary condition!= in eat!> of these tI;~o 
models. If not, using the ;~~~cCerrnott ~mosel, you co~11.u 
aischaroe to 150 percent and cet abor:t 250 cycles. Qf 
course, this is an impossibility. !3c there 3ust be an 
impliea boundary condition on the motel itself. 

It’s also interesting to ncte that he has on urner 
temperature limit of -13 degrees, which is a reasonable limit 
for cycling programs. 

In the Lander model there is obviollsly IUU percent 
DOD boundary conditions. It’s right there. YOL! can’t TO 
beyond that. tiowever as far as temperature is concernea, he 
also has not described a teinperature oolundary condition, and 
it would toe possible, just utilizing t.5e methemetics of t%is 
model, to cycle at 100 degrees Centicrade and obtain 
somethinq like 64OU cycles at a 20 percent D’J3. And there 
again, this is an impossibility. So aoein there must be an 
implied boundary condition as fe.r as temperst!lre is 
concerned. 

The JPL failure modeI differs from both the L,ander 
and the !V!ci)ermotl; models in two im?ortnnt areas: 
the JPL model has not been developed r.rsinq tile rz?ression 
techniaues used on the aforementionec models. It was 
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aeveloped from intuitive arguments applied to floor theory. 
However it was applied to the same e>act data package useo 
for the other two models. 

lhe predicted cycle life in the JPL model can only 
be determined in the context of the probability’of success 
or reliability of that number of cycles being obtained. 

(Figure 17-2) 

I apoloaize for what I might call the dizziness of 
this particular table, but this table does list the nrJm3er 
of cycles as predicted by hoth Yc3 ermo tt and Lancie r moCe 1 s 
for temperatures ranoinq from zero tc 49 degrees and at 
cepths of dischaxe from 10 to 40 yercent. 

nle si+rli:? nrec:i ctions are rr,c,Je 17y time APL fei lilre 
Il?Od e 1 . i-lowever in that case wi? m!lr;t choose 3 reliabi lj tv. 
?:he 6rl:itrary reliability of 0.3 has been chosen, ;I n 0 ’ VOIJ 

can set' tllc nrcl_!icl.ior;s illai:Ez for the si~jlar conoit,ions tc~ 
the cttler t.i~o :!,0~::215. 

ljoth the similarities ant cifferences bet,ween the 
?;:;.ciierrrlott an0 knuer model 5 .3re cluit C oovio~u.~. ‘lhe largest 
aiff erences occur in I-wions :~here ertrapoletion is r.rc,ec!. 
Ihese regions are moth in the zero decree Centic:r.?:le ,?r~r! t.?r> 
degrees Centigrade temperatures, and also at all temperatures 
at ten percent DOD. 

b?ihen you a ttemot to com.oare either t hn j?ci)ormo tt 
or Lander models with the LPI., model, VP c’rt‘ immediatelv 
faceci with two difficulties: first and foremost, the .!;;I- 
mooel preaicts cycle life 2s a function cf rel.i~~bil.it~/, an<: 
the other models ion/t do this. 

Secondly. on examination cf both the !iciIorrctt an:: 
Lander models we find that the meanird of the ter- ticycl~.~ 
to failureIt is not entire1.y clear, For extri7le, 603s this 
exoression denote the number of cvclcs until. t!Te first 
failure occurs or is it nssocinte:j wjth some averac;e number 
of cycles before failure occurs, or vhat have yot~. 

(Fiaure 17-3) 

Now in order to circumvent these problems I/v5 
made certain assumptions. *rh P first assumption is that 
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nickel-cadmium cells wear out at a ccnstent rate and 
therefore the exponzntiel aistributicn which describes 
constant failure rate can be used to obtain reliabilities. 
lhe eorlation ( 1) shown is the reliability in terms of the 
exponential distribution. 

Lambda is the failure rate and T is the operating 
tiine. and they're both, of course, in the sEme units of 
time. “Gow if we take the mean time !‘et\Jeen failures as 
being one over lambda we obtain equation (2). Again it's 
most important that the units of time always be in the same 
units. Otherwise nothing works. 

Xow i being the ooerlatinc timn, if we cx,or ess this 
as a mission requirement in terms of lo\*! ec?rt,h orbit cvcles 
and mean time betvieen failure, also jn ttrms of I-?;> cycles, 
it can be assumed t9a.t the predictions made 3v both tht, 
ZcUermott and L.ander models can be thought of oeinc mean 
time between f;!il11res for !3art.icl.rlar conoitions. Ancj it is 
then possible to compare Gottl the II,c.J:t?r:“;ot,t +n11 La!;<!er 
models with th:: JIJL mooel in t&he fol!ohfhiin? \v’ay: 

(r‘iaure 17-4) 

For any specific ooeretinq concition a depth of 
cischarqe and time -- i.n thi.s case we’ve ta!<en 2V oeoroes 
and CO oercent DU3 -- we take ttle JFjJ- nrcaiction for a 
rnrticuinr reliability number as the mission reouirement. 

kor the sEme specific conditions we tr?ke the qoaei 
which we wish to compare to -- for iFstclncF: the LanAer model 
-- we take their orzdiction as the mfan %ine between 
failures. 

I-Jere we heve the case of, therefore, ta!<inq e case 
where stat inc 4003 cvcles as the mi,ssion renllirement and 
22600 cycles as predicted by the Lancer m&e1 as the mean 
time between fifilure, and for this situation w !3.?ve a 
reliability for this mission rerrrJiremon+, of iJ.?Ll-. 

i-j!Jt , as you remember, the ,‘.PL Freciction for 4OW 
cycles was 0.9, arlo now xe fina orJrseJ.ves ,zt le.pst cornp;!rinr~ 
reliability against reliability. 

(iiaure 17-5) 
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The secono table describes the reliability factors 
obtained from these types of calculations. 

‘Jsino the reliability predictions of the JPL model 
and a 0.9 factor as a mission requirement, we have pluToed 
these numbers in again using an exponential distribution, 
and we come up with these reliability factors for both the 
)AcDermott and the Lander models. Al.1 of these have to oe 
compared with 0.9 on the JPL predictions. 

Now this tyne of calculaticn is not being advanced 
as a rigorous statistical argument by any means, but, 
rather, as a reasonable attempt to compare models in 
equivalent terms. 

This type of analysis emphasizes at least two 
imnortant considerations: the first, that it is eXtreill?ly 

uifficult to compare different models, even though they are 
based on the seme data, especially i1 they use extremely 
cifferent techniques to dealIce their final formulation. Ana 
if models 8ssune different %ypes of frequency distribrltions 
the comparisons beccme more difficult. 

This technique that I’ve just described sluffers 
Greatly from the fact that the JPL rncclel which is basec on 
e ?4eibel distribution attempts to compare itself to, SPV, 
the Lander model which we base on an expcnential 
distribution. 

if in turn the data were assumed to reflect 
failures due to true wear-out conditions, and further, that 
the frequency of failure could be represented by a normal 
Gaussian distribution with a standarc deviation -- and this 
is arbitrarv -- of 20 cercent of the mean value, then much 
higher comps3rative values of reliabilitv could be determinea 
for both the Lender and the I4c:iermott motels than shown in 
that paper. 

If we use the Lanaer and the McDermott oreoictions 
as mean values -- and aoain, the JPL Freciiction at a 
reliability of 0.9 as the mission cc?1 .-- then both the 
Lander and the Mcl)ermott predictions qive comparative 
reliabilities of 0.993 for all the test conditions. 

Thus, assumino one type of distribution as in 
Table 2, we obtain reliabilities of L.56. 
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(Figure 17-6) 

You can see under one condition you get a Lander 
model reliability from .7Y to .b4, and YOU assume just a 
different type of distribution. You’re right down to U.999 
under all conditions. The temperatures should be 20 degrees 
Centigrade, not 20 percent. 

Ihis implies that the actual type, of course, of 
failure of frequency distribution must oe fully unoerstood 
before any statistical manipulation is applied. This leads 
to another consideration, and that is the importance of 
reliability factors as applied to battery cycling. 

Many aerospace programs hale strictlv interpreted 
reliability requirements, and in m;n) cases these 
requirements have been satisfied by hhat I call statistical 
ledger domain. This has been necessary because of 
insufficient data to obtain the required reliability factors 
rather than because of unreliable comoonents. 

ln other aerospace oroarams the term l’reliability” 
is used in the sense of hiqh rl1.1~1 ity rather than havinc: any 
statistical significance. 

‘rhLJS one use is nulntit ative end the o%her is 
oualitative. If reliability with stFti.stical significance 
is uoino to be a reauirement, then fLIrther evaluation of 
aati such as the train data nackaoe m1ls.t be acco.iiolished. 1~. 
all probability these cata should be ;31-1c?r.ep.t~?:-i wit:-; flirjht 
data to provide sufficient information for this st,atistic.aI. 
analysis which can provide usable re3iebility factors. 

This was done to some exter#t a fen vears coo by 
Tt71Y in their reliability evaluations of KiCd batteries for 
the l-leli o program; they eugmenteu their data pac!taoe with 
actual flight information. 

Nhat do we concluae from this? lhe present 
precictive models are extrernely difficult to compare because 
of the absence of information concernin? the frequency of 
failure distribution. lhe JPL model is a bit pessimistic, 
and thcuqh statistically accurate, it.‘s baseo on a limited 
sample size. It woi!ld be extremely C.ifficUlt %c !JS? the 
factors derivec from the JPL motel in actual aerospace 
programs. 
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For instance, the JPL model predicts for a cell 
7300 cycles at a reliability of 0.Y et 20 percent DOD and 2( 
degrees Centiqrade. 0.Y is a very low reliability factor 
for a component. A battery with 22 cells would have a 
reliability of 0.1. You don’t fly with such reliability 
numbers. 

This in no way impugns the derivation of the JPL 
moael. In feet, the concept used ant its oerivation are 
unioue and they are creative, and the true value of this 
model has probably not as yet been fully realized. 

Since the JPL model fits the .?;ASA accelerated test 
procram extremely wzll, this wor11.d imply that these 
accelerated test data do not really represent real. time 
CJata and that further CorrelRtion is needed 1between 
accelerated test and real time date. 

both th3 Lander and the iXcKermott models also 
reoresent considerable effort and prcbablv recresent within 
the interpolated data the popular corce,c%s, ;qt, leas?., of 
life expectancy of nickel-cadmium cells. They both sl!ff er 
from the fact that they do not oeternina tile tvpe of 
frenuency of f:: i1llr-e with vdhich they are wdr’(irir-:, ind t’- 11s 
it’s \‘ery difficult to interpret their predictions in 1:,3rirs 
cf reliability. :iowever thev both meke rat!ler re3sonnSlv 
close-like oredictions when they are within their 
inttrpolateti data r?nqe; once they get orltside into the 
extrapolated d3t.a ranar they’re wide apcrt. And they wi 11 
F;roouce usa ‘ale reliabilitv f(3ctors orly if we ,35suc:e 
Gau.csian tyne distri nutions. 

lhe importance of the reliability reauirements is 
2 complex topic and very sprightly bctwecn aerospace 
prour zrris . If a reliability requirer;ent is to have 
statistical sionificance, then test Fro(‘rams must oroducc! 
data which can be utilized to obtain reliability 
information. lhis has not, been done in the past. ‘I-he se 
test proqrems mrrst procuce data for which freouency cf 
failure distributions can be either obteinec directlv or 
from which reasonable assumptions can be mede, leadinn to 
these reliability factors. 

Are there any auestions? 
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THIERFELDER (GE): As you pointed out, at 20 
degrees Centigrade and 20 percent depth of discharge, the 
prediction is only 7300 cycles with a reliability of .9. 
Well, couldn't we work this backward, then, and plug in-- 
orbital experience indicates we can get about 30,000 
cycles --plug in 30,000 cycles and see what the reliability 
number would come out? 

i-laVe ycu done that? It wccld be interesting to 
see what the reliability WO\I~C! he if VC)!J workeo the equation 
backwerds. 

SCHU L/&AN: Ehich equation ere you referrino to? 
lhe JPL prediction? 

-li-‘lIEGELUEH: i’r e 1 1 * where they determined that 
73w cycles. 

SC r-1 cl L;vI A 54 : That doesn’t cor~e from the eouatio-r. 
lhere is more than merely the eluaticn. There was a series 
of curves which oo along with the eourtion. 

-1-d 1 Er(F~g&L)Eg: ‘:i e 1 1 l if you sti!l work+c: it 
backwarcs, couldn’t yo11 solve for the reliacility number? 

SCI-IUL;+IAN: N 0 , you can't 00 theti I'm sorry. 

SULLIVAN (Eel1 Labs): Just a couple of auick 
comments. I?ie’ve been studying the real time Crene oat? 
rather than the accelerated for the ;elstar arooram. Ano it 
appears from the low-earth orbit and the geosynchronous 
orbits at Crane that the distribution, the failllre 
distribution for GE cells: those are the only ones we’ve 
stuoieu, the prismatic GE cells: is F log-normal 
distribution. It is neither normal nor random failures, but 
loo-normal. ‘The Yeible would be an edded aistri51Jtion to 
loo-normal, in that you have another adjustable parameter. 
Ke find we don’t need this. 

1his distribution is simpler to us? to oo from 
cell data to the pro’bability of vour battery slIrviva1 in 
whatever mission you have. 

So I wo~llo think that if anyone is coinq to do 
this type of calculation, they might start nith a loo-normal 
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distribution. It’s 2 little simpler than a vdeible and 
appears to handle tile data far better than normal or random 
failures. 

yet5 
SCHU LMP.V : Have you published the work on that as 

SULLIVAY: NO, I’m sorry we haven’t. It’s just 
about finished, and it Will be out fairly soon. 

SC:I.IJL;vlAN: tjl.Jt at least you recognize the fact 
that you must be aware that the term lNdistributionlB is 
irnnortant. 

SULL IVA’4: Oh, yes; without that you’re lost. 

SCHULMAN: That’s right. Ihat’s the point I was 
tryinq to make. 

SULLIVA;J: In a lo?-normel distribution yore only 
have two parameters, the meaian life and the standard 
oevietion. There ao acear to be stcnderd deviations for 
the two failure modes: the self-shcrtino enu cell 
cegrx;ation. Anu they arpeer to ‘k:e separable, and transfer 
1rorn low-ear th to ceosynchronous ort;j t. 

Once you have the parzmeter.s in the oistribution, 
you can calculate what cell performance you need to insure 
z, let’s say, YO percent probability of batterv survive1 
over yolur mission life. 

SCHU LMA’J : tie don’t have trouble with tti? 
transfer of ceJ.1 data to battery detc. The point is, we 
con/t like what we see. You can’t wcrk with rel iabi lit\/ 
factors of .Y. You must be L’D above the .W level tc Tet a 
reasonable batter-v. 

SULLIVAX: Oh, yes; your ~~11s had better be verv, 
very qood. Otherwise vou’ll never qet 90 percent. 

SCHULMAN: That’s riqht. 

R ITTERMAN ( TF?F~ 1 : I presume thet all of these 
models are for low-earth orbit, although, from some 
cuestions, you could use them for qec.. 
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SCHU LMAY : 
cycles. 

All of these were low-earth orbit type 

R ITTf3 MAN: Then the recharge ratio and the rates 
would essentially be the same. lhat was my question. 

None of these models address recharge ratio or 
charge return, nor do they address charge and discharoe 
rates. 

SCHULMAN : The actual NA5A accelerated test 
program did address those problems; however, if YO~J stuay 
the data, you’ll find that the major effects on cycle life 
are DO11 and temperature. And so we’\e addressed those. 

l?ITTE!-?MAN: Provided that Jou’re talking aborlt 
similar cycles. 

SCHULMAN : That’s right . 
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LIFE PREDICTION MODELS 

McDERMOll MODEL 

N, = A (6 - TEMP) e-C(DoD’ 

NF - NUMBER OF CYCLES TO FAILURE 

A = 1500 , B . 70 , C = 0.038 

TEMP - ‘C , DOD = % 

LANDER MODEL 

CYCLE LIFE = 
[( 
; 3-1T-50)110 _ 1)x+,] (!$g-D) 

X = 6W , A = 1900 

T = ‘C 

JPL FAILURE MODEL 

NF.NORM f 
= ” ,DOD+5 gE/R (!/303-1/T) 

NF, NORM = LIFETIME OF CELL NORMALIZED WITH RESPECT TO TEMP AND DOD 

DOD = DECIMAL VALUE 

T = OK AE = 5.5 K CAL/MOLE 

Figure 17-1 

TABLE I 
LIFE PREDICTIONS OF AEROSPACE NI-CD CELLS 

MCDERMOTT, LANDER, AND JPL MODELS 

IEhlP 
-~ 

O°C 

-- 
lC?C 

2o"c 
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--. 
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20 

30 
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IO 
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35 
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10 

20 

30 

40 

IO 

20 

30 

40 

IO 

20 

30 

40 
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_.. 

7I.m 

49. IW 

33.m 

23, OX 
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42, WI 
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19.700 

51.300 

35. Irn 

24. Ml 

16. 400 

41. CM 

26. 100 

19.m 

13. loo 

30.800 

21. all 

14.4MI 

P. 803 

J. LANDlA 

,!:,-“-\@“I0 ,lbOL, ,,,D,lIy$Lw 

670,500 

298. ow 

173. Km 

III. 800 

233. IW 

103.600 

60,dW 

38.900 

Al, 300 

38. 800 

22,600 

14.6W 

38.700 

II. 2w 

IO, 030 

6.500 

22.500 

IO. ml 

5. Boo 

3. Em 

PI fAItUR[ MODEL 
ICIIABILITY 0.9 

41.103 

II, 5w 

7. 900 

5.100 -~ 
?8,EW 

lo. 253 

5. 5w 

3. 603 

20.7w 

7. 300 

4. ow 

2.600 

IS. 200 

5. 4w 

2, 9w 

1. WI 

II.4W 

4. Ml 

2. 2w 

l.4m i 

Figure 17-2 
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RELIABILITY (EXPONENTIAL DISTRIBUTION) 

R - RELIABILITY 

a+ - FAILURE RATE RECIPROCAL TIME 

t - OPERATING TIMS UNITS OF TIME 

MTBF - MEAN TIME BETWEEN FAILURE 

MTBF’. : 

R - e -tIMBTF 

APPLICATION 
Figure 17-3 

l USE JPL PREDICTION AT 20% AND 30 % DOD OF 4. NW CYCLES AT RELIABILITY OF 

0.9 AS MISSION REQUIREMENT t 

. USE LANDER MODEL PREDICTION AT 20% AND 30 B DOD OF 22,&W CYCLES AS MTBF 

R . ,-UMTBF . ,-4MOR2,WO 

R - 0.84 

COMPARE R. - 0.84 AND JPL PREDICTION OF R -0.9 

Figure 17-4 

TABLE II 

RELIABILITY COMPARISON 
MCDERMOTT, LANDER, AND JPL MODELS 

-I+ I 

- 

TEh!P 

ms 

- 

- 

*CO0 
- 

10 

20 

30 

40 

TABLE Ill 

RELIABILITY COMPARISON 
LANDER AND JPL MODELS 

J. LANDER 
PREDICTION 

CYCLES 

t 

I 
JPL UNDER MODEL LANDER MODEL 

PREDICTION EXPONENTIAL GAUSSIAN 
IR -0.91 DlSTRlBLlllON DlSTRlBLlTlON 
cYcLEs RELIABILITY RELIABILITY 2D.m 0.79 

7.3m 0.83 

1 ym a.* 

2.m 0.84 

0.999 + 

0.959 + 

0.999 + 

0.999 + 

Figure 17-5 Figure 17-6 
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NiCd BATTERY CYCLE LIFE PREDICTION EQUATION 

FOR LOW EAHTH ORBIT 

D. Hafen 

Lockheed 

lhis audience needs little motivation to perform 
some type of cycle life analysis, ano the equation and the 
method I’m qoino to present is qoinq to concentrate on low 
earth orbit. 

(Fiqure 18-l) 

In any enqineerinq design of a spacecraft there 
are some things that are predetermined end some that 
basically the engineer has control over. The orbit would be 
one of the thinas that is basically F given. And the method 
of heat transfer, for example, woulc be something that the 
engineer has some control over. 

By oerformina a cycle life analysis it has some 
bearino on the values or oarameters that are ocino to be 
used to fly the soacecraft. 

(Figure 18-2) 

This paper is ooing to basicallv concentrate on 
these first two boxes of this flow chart. 

A cata base is selected, and then a life 
prediction methou is createc. And this toes on to be used 
for any number of life preoictions fcr different 
spacecrafts. And this is kind of a cecision process. 

(Fiqure 18-3) 

lhe aeta base that Lockheec has selected for this 
particular analysis is Naval. Weapons Support Center Crane 
real time NiCd test data. And a lot of this has been 
eliminated based on three criteria, basically. 

One is thz way the test is rlln, and that would 
include no geosynchronous tests, only low earth orbit. 
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Another is the type Of hardware. For example, 
there are no polypropylene separator cells includea. lhere 
are no pellon 2503 cells included. 

And the other is the way the actual test turned 
out. And that is characterized by the fifth bu3let here, 
which says no packs that were subsequent to .oower supply 
failures or that type of thing were included because it was 
actually premature. 

Now subseauent to listing all the NiCd cells that 
fit these various criteria some were eliminated on the basis 
of a plot. Some of them looked like they would bias the 
data too far in the conservative direction, and those were 
mainly things like the old Gulton cells that were received 
at Crane in 1963. And it ended up that there lqere on1.y a 
couple of packs of Eagle-Picher and SAFT cells. So those 
were eliminated. 

And we were left with a large data base that was 
only General Electric cells. 

(Figure 18-4) 

This chart summarizes all cf the data 13ase. This 
can be divided into two parts. The first is prior to 1970, 
which is basically only one design of a GE 12 ampere-hour 
cell. And the others are past the ljne, the demarcation 
line of 1970. And there are several other differences that 
come out in this. 

One of these is that the original cells were under 
a test matrix of 12 conditions. There are six shown here, 
but that’s for I .5 or 3 hour charge times. Ihe others are 
not a test matrix. But you miaht notice that most of 
them are either 25 percent 20 degrees C cr 40 percent Tero 
degrees C. So it’s not nearly as nice a range of data as 
for the original test. 

(Figure 18-5) 

Now concentrating on the original test, if you 
look at what the cycles to failure are you can derive a verv 
nice equation and it really doesn’t matter a whole lot whet 
the form of the equation is. If it toes throuqh a couple of 
these points it’s liable to 90 throuc;h all of them. 
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lhis was the basis of an equation that was 
developed by Lockheed in 19.77, which was a predecessor to 
the one I’m going to present. 

(Figure 18-6) 

This is the basic eauation that we’re presenting, 
and it’s based on a distribution of failures within a 
battery. N is the number of cells in the battery and 
represents a failure number. And you’re most likely to be 
interested in iA equals one. And there’s an Arrhenius 
tfi?ITIperatUre tenTI OUt here. This assumes that there’s only 
one degradation mode, and that probably isn't true either. 

One other thing I ought to mention here is what 
the definition of failure is, and thet’s the definition that 
Crane uses, which is a cell reaching .75 volts or 
experiencing a short. 

So we went through this. Pnd for the post-19-10 
cells we developed these coefficients. It oidn’t have a 
large correlation coefficient. It WFS something like .o, 
whereas for the test matrix before, the 1964 matrix let's 
call it, that had a correlation coefficient of .Y7. 

However, as you’ll see, it parallels the other 
equation nicely in a lot of respects. 

(Figure 18-7) 

Ihis is a comparison of a tunch of eouations and 
some others taken fi-om other references, and I will try to 
go through these in a meaningful fashion. 

A represents the original test matrix from 1964. 
bC and BC* are both basically the same equation from 
post-1970. And it is the same as A except we’re shifted by 
a multiplicative factor for this reason: that it only 
differs by a multiplicative factor, and the fact that 
this data base A had a . 97 correlation coefficient, it 
puts a fair amount of confidence in these equations. 

There are several others shown here. ii is an 
optimistic estimate of cycle life. It only used about three 
packs. This BC number 17 is from the latest Crane report, 
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whereas these used the 16th annual Crane report. And 
there-/s one down here that was aerived from re.liabilitv 
predictions that Etheridge Paschal made in 1974 by 
convoluting his reliability predictions into a cycle life 
prediction. 

This doesn’t look too good. But if you look at 
his figures, he has the highest reliability at IO and 12 
degrees. It’s just a aropping off from ten degrees C to 
zero degr.ees C to minus 20 that causes this to be low. I 
don’t think it really disagrees substantially from this. 

This TRvV curve which is here was taken directly 
out of the NASA manual that Scott ant gusta worked on just 
recently, and it refers back to some work that ‘TM had done 
before that. 

L is using the post-1970 c;ta base except that it 
was constructed so as to make this linear on this type of 
paper. 

(Figure 18-8) 

ihis is Just this data base L shown 
parametrically, ano there are several things about this 
equation that make It more reasonable which is outside the 
rance of where the data bdere anyhow. And that is that you 
don’t get infinite cycle life at z3ro DOD, and also you 
don’t qet 5!10 cycles at IOcj ,qercent DOD, which also would be 
unreesonable. 

So this is a different eauction which I guess has 
a hither correlation coefficient than that curve that I 
showid. l’ve only Seen working with this recently on advice 
of soille pto;~le as a result of the IECEC. 

(?iqure 18-9) 

Xow rnovinq on from what the cycle life preaiction 
equation is to how that would be useo in an actual regime 
where you don’t have a single DOD ant you won’t have a 
single telrlperaturr but you’re workinq at various lIO3.s and 
temperatures, and the way that is done is to essentially 
calculate a fraction life for each pzrt of the cell’s life. 
b:~t btfore you do that you construct a histogram of where 
it’s going to be operating so that it will be integrated 
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easier. 

I guess this is better explained in the next 
Vu-graph. 

(Figure 18-10) 

This is just an example, just to make it simple. 
It has six compartments and each one of them has a height. 
This is the fractional life that it hill spend at 30 percent 
and 15 degrees C, for example. Once you get those the life 
expended due to that is given by a term like this. If you 
add up all those fractions and divide it into one you come 
out with a cycle life prediction. 

This seems like a complicatea process and it 
actually turns out if you c10 this and you also take the 
averages of all the DODs and temperatures before you do it, 
this cycle life prediction is only three percent higher. So 
you might say, well, three percent might be even more than 
the data justifies, which may be true. 

(Figure 18-11) 

This is a more complicated example, and it’s 
basically constructed so that it gives a pretty picture of 
what’s Going on. 

It shows that for these types of histograms also 
you can shake down each side and you can get a histogram of 
the temperature and the DOD, basically showinq the same type 
cl’ calculation. 

(Figure 18-12) 

This just shows what each compartment predicted 
cycle life is, and comparing what it is for this type of 
analysis that I’m using and also just using the average. 
And this is about thr.ee percent higher, like I said. 

I’d also like to say most cf this material 
appeared in the 1ECEC in August of this year. 

And I will entertain questions now. 

GASTON (RCA) : !Ye’ve been talking quite a bit 
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about percent DOD this morning. How do you define DOD, with 
respect to weighted capacity or actual capacity obtained? 
I’d just like you to clarify that point. 

HAFEN: In this case this pas the same DUD in the 
Crane test data which is based on the nominal DOD. 

GASTON: A31 right. Thank you. 

CONSTANTINEAU (Pellon Corpcrat ion) : You statea 
that in your data base you excluoed the use of Pellon 2503. 
Is that because it works so well? 

HAFEN: bi*ll, 1 believe frcm the data that I saw 
at the time that those were working tbout the same. However 
I was trying to eliminate all designs that by any 
imagination were different. 

Now I know that 2503 is clcser to 2505 than Pellon 
is -- 1 mean ttlan polypropylene is. 

CLlNSTA~!TINSAU: Okay. 

The difference between the 2503 and the 2505 and 
-6 are just the orientation of the fibers. The 2503 is 
uni-directional wlhereas the older 2505 and 2506 were 
cross-laid materials. %t essentially they are chemically 
the same. 
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*- PURPOSE OF CYCLE LIFE ANALYSIS *I.Odf-d USE OF CYCLE LIFE ANALYSIS IN DESIGN 

Figure 18-1 

Figure 18-2 

DATA BASE INCLUSION CRITERIA 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

NO GEOSYNCHRONOUS OR 24-HOUR ORBITS INCLUDED 

ONLY NYLON SEPARATOR INCLUDED; PELLON STYLE 2503 EXCLUDED 

NO PACKS INCLUDED WITH PREMATURE PRESSURE FAILURES 

NO CYLINDRICAL CELLS INCLUDED 

NO PACKS WITH FAILURES SUBSEQUENT TO REVERSAL OR EQUIPMENT 
ANOMALIES INCLUDED 

NO CELLS HAVING GAS RECOMBINATION ELECTRODES INCLUDED 

NO PACKS FAILURES INCLUDED, SINCE IT IS NOT INDICATED HOW MANY 
CELLS FAILED 

NO PACKS USING “SOPHISTICATED” CHARGE METHODS, SUCH AS AUXILIARY 
ELECTRODE CONTROLS, INCLUDED 

NO PACKS SUBJECTED TO MULTIPLE TEMPERATURE REGIMENS INCLUDED 

NO DESIGN VARIABLES CELLS INCLUDED (SUCH AS THOSE INCORPORATING 
VARIABLE PRECHARCE OR VARIABLE ELECTROLYTE AMOUNT) 

NO CELLS INCORPORATING “INTERNAL PRESSURE DEVICES” INCLUDED 

Figure 18-3 
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CELL HARDWARE INCLU DED IN CYCLE 
--- vat LIFE PREDICTiON EC? JATiONS 

-... -.- ._..-. 

/ 
OPERATING CONDITIONS CYCLE LIFE* (CYCLES) 

- ..- .- 
TEST 
NAME 

ORIC 

VENDOR 
CAPACITY 

( START 
DATE 

NO PP. 
NO TFE 

l-4-64 GE 12 Ah 

3-14-71 GE 6 Ah 

12-11-72 GE 12 Ah 

3-6-74 GE 8 Ah 

3-6-74 GE 8 Ah 

9-17-74 GE 20 Ah 

g-17-74 

f-5-75 

3-7-76 

6-24-77 

l-22-78 

GE 20 Ah 

GE 6 Ah 

GE 12 Ah 

GE 20 Ah 

GE 26.5 Ah 

NEXT SLIDE DOD 
% 

15: 25 40 FOR 1.: 
X 3.0 HR 

25X X X CHARGE 
40 X TIME 

NICKEL 
BRAZE 

PP. NO TFE 1928, 25% DOD, O°C 

X95B 25% DOD, 20°C 

11068 25% DOD, 40°C 

Y7C 16% DOD, 10°C 

#18E 25% DOD, 20°C 

Y18F 25% DOD, 20°C 

XlC 25% DOD, 20°C 

#lH 40% DOD, 0°C 

Yll 25% DOD, 20°C 
#lJ 40% DOD, 0°C 

#7D + 29% DOD, 20OC 

YBF 25% DOD, 20°C 
18G 40% DOD, O°C 

X12F 40% DOD, lO=‘C 
Yl2C 25% DOD, 20°C 
WI21 40% DOD, 30°C 

826G 20% DOD, 10°C 
826H 25% DOD, 10°C 

2 PREMATURE FAILURES AT 5844, 
DISC AT 39446 

CELL FAILURES AT 38804, 40294, 40571, 
DISC AT 40790 

PACK FAIL AT 7538 

NF, DISC 24890 

NF, DISC 23748 

NF, DISC 23772 

PP. SILVER 

PO, NO TFE 

PP. TFE 

PP. ABZBTFE 

oso-I 

SAS-C 

SAS-C 

STANDARD 
VS TEFLON 

STANDARD 
VS TEFLON 

ITOS 

IUE 

STANDARD 
CELL 

TIROS-N 
AND NOAA-A 

CELL FAILURE AT 20666, 21237, 
PACK FAIL AT 24088 

NF, ON TEST 26895 

PC!, AB30 
NO TFE 

PO, NO TFE 

PO, TFE 

PD. TFE 

PO, TFE 

NF, ON TEST 27129 
NF, ON TEST 26664 

NF, DISC 8275 

NF, ON TEST 24200 
NF, ON TEST 23561 

NF, ON TEST 13247 
NF, ON TEST 13386 
4/4 CELLS FAILED 

NF, ON TEST 9065 
NF, ON TEST 9083 

‘AS REPORTED IN 1980 “NWSCICRANE REPORT” NO. WQECIC 80-34 

Figure 18-4 

GE 12 Ah ORIGINAL CRANE TEST CYCLE DATA 
DEVELOPMENT OF PREDICTION EQUATION 

- -- 

! 
L 

Figure 18-6 

Figure 18-5 
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COMPARISON OF CYCLE LIFE PREDICTION EQUATION "L" 
PREDICTIONS AT 0°C (LINEAR WITH DOD) 
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Figure 18-7 Figure 18-8 

-&Lo&med CYCLE LIFE PREDICTIONS FOR 
MULTI-DOD, MULTI-TEMP 

o-2 

5oc 

1 ooc 
15oc 
2ooc 
25oc 

1 

l CONSTRUCT TWO-DIMENSIONAL HISTOGRAM (T VS DOD) 

l CALCULATE CYCLE LIFE FOR EACH COMPARTMENT OF HISTOGRAM (Wi 1 

l CALCULATE FRACTION LIFE EXPENDED, FOR EACH COMPARTMENT: 

COMPARTMENT HEIGHT, Wi 

PREDICTED CYCLE LIFE FOR COMPARTMENT 

l ADD LIFE FRACTIONS AND DIVIDE INTO TOTAL COMPARTMENT HEIGHT 

PREDICTED XWi 
CYCLE LIFE = z(Wi /(CYCLE LIFE;)) 

Figure 18-9 
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*m EXAMPLE OPERATING REGIMEN I 

LIFE PREDlCTlDH 5 I* (g$, + g,, l g& + *, + j.& + gg) ., ,,,1‘ 

Figure 18-10 

EXAMPLE OPERATING REGIMEN II 

Figure 18-11 

ea EXAMPLE OPERATING REGIMEN II ANALYSIS 

Figure 18-12 
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-IIME-TO-FAILURE ANALYSIS 

FOR NiCd 8ATTERIES IN A GPS ORB11 

K. Sense 

Rockwe 11 

(Figure 19-l) 

For its Block II Global ?ositioning System, the 
GPS program, Rockwell International bill use 35 amp-hour 
nickel-cadniun cells instead of the 18 amp-hour 
nickel-cadmium cells used for its Block I program. To 
achieve greater utilization of energy stored in 
nickel-cadmium cells, Rockwell is considering operating 
these cells at five degrees Celsius or less, and going to a 
60 to 65 percent :.:lepth of discharge. 

I undertook an analysis to determine whether 
nickel-caornium cells operating under these conditions would 
have E useful woricin? life of 7.5 years in a GPS orbit. 

l‘he LiPS orbit is circular, of 12 hours duretion 
;;nc I;nuercoes 220 eclipses 2 year. i’able 1 compares the 
chsrEcteristics of various orbits. ks.e note that the GPS 
orbit experiences only 220 cycles a \/ear and must be treatea 
i;s E <,:eo:~ynchronous rattler than a lok-earth orbit. lhis 
Lxcc!r,c:s Inor obvious from the feet that tile C;PS orzit 
uni:Ercoi;‘.s two eclipse seasons per year, ezch season lasting 
c:>cu t 55 davs 
i;y approximetily 

lhe eclipse seasons Ere therefore separated 
128 days, about the sarrl~’ interval as for 

t!?e geosynchronous orbit, 135.5 days. 

since the eclipse season undergoes anout 55 oavs 
an< the solstice oeriod about 128 days, GPS orbit cell 
ceuradation may be considered to be divided into an eclipse 
degradation mode and a solstice deqrsdation Inode. 

Cell degradation may 5e considered to be the 
result of Path tric:<le-charge degradation and deqrnoation 
due to cycling. lime-to-failure due to trickle-charge 
cegrauat. ion is des iqnated 6s F (t 1, whi 1 e t ime-to-.f ai lure 
cue to cycling is designated as F’(c). 

AS a first approximation, these fai lure mocies are 

223 



considered to be independent of each other for the following 
reasons: 

Degradation due to cycling is principally the 
result of thickening of the positive electrode. This occurs 
during the discharge-charge cycle, thus causing a narrowing 
of the inte.relectrode space. Ultimately the interelectrode 
soace becomes so narrow that the nylcn separator has little 
or nc porosity, thus causing separatcr dryout which leads to 
cell f6i lure. 

This undesiraDle action is abetted by a large 
increase in the micropore structure cf the positive plate 
with time. The enlarged pores of the positive plate compete 
hith the separator for the electrolyte by capillary action, 
thus ~romotinq interelectrode dryout. 

Cell degradation oue to trickle charge is of a 
sorriehhEt uiffersnt nature. When overcharge rates are 
relatively hiqt1 during trickle ctlarge the internal cell 
tem;;ers<ure is increased. This leecz to increased nylon 
oegrFdet ion, extensively investiqatec by Lim of Hughes, 
resultinlq in the production ,=,f c?rboTiahe. 

lhe presence of c3rbcnate in tl!rn causes cedmirrm 
to 00 into solution 
to shorts 

end increases cadmium micration leadinq 
,Vithin th2 cell. 

3PIzr products of the decrt.dation of nylon are 
nitrogen zn:: l:/zt er. The nitrogen formeu increases the 
::r-e.c:sare within the cell and the water i;;‘iluti!.s tile K0i-l 
r;i31r;1;icn yn..A thur; decreases cell performance. 

Also loss of overcharoe protection occurs if 
overcharge rotas BrF! relatively l)iqh t”IlJs causing hydrogen 
c:t?neration. 

(Fiqure 19-2) 

Sakinc; 50th failure modes into consiaeration the 
resultinq time-to-failure value for the cell is aesignated 
Is -11r. 5ince zs a first approximation these failure modes 
i:re taken to be independent of each ether, I have formulated 
the ticuation desiqnateo as I-A in Ficurr 1. 

Ihis ecluation relates ?Tr‘, E(t), and F’(c). i?? is 
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solved for explicitly in eauation I-E. This equation is 
valid for any selected functions of F(t) and F’(c). 

I have chosen modified versions of P. McDermott’s 
expressions of these functions as the principal functions 
for this study, although other expressions may be used with 
equal validity, such as one relating the F’(c) expressions 
given by Hafen and Corbett of Lockheed at this year’s IECEC 
meeting. And, incidentally, i’tr. Hafen showed you the 
expression that I have used, namely the EC* expression. 

(Figure 19-3) 

In a recent publication XcDermott investigated 
cell degradation in a synchronous orbit. From a study of 
Crene real-time synchronous orbit data, es well as from data 
obteined by simulated synchronous orbits with accelerated 
test packs, he came to the conclusion that the 
trickle-charge period may be the prime cause of cell 
cegradation in sync:lronous orbits fcr depths of discharaes 
t’ot~.zl to cr less than 40 percent. 

Since under synchronous conditions he considered 
cell degredation due to cycling insignificant, he did not 
incluiie a factcr for depth of discharqe degradation in his 
ti.!:;e to failure equation. 

Equation 2-A. shown in Figure 2, may therefore be 
considered to reflect only trickle-charge aegradation. 

IGow IdcDermott was largely correct in making this 
assulnpt ion, particularly in view of the fact that in the 
geosynchronous orbit the battery unaergoes onlv 88 cycles 
,per year. In fact, for a C/30 charge rate in the synchronous 
crbit &nd a cell temperature of zero degrees Celsius the 
time-to-failure value is decreased only a small amount, 
namely from 16.9 years to 16.4 years, when degradation due 
to cycling to 40 percent DUD, depth cf discharge, is taken 
into account. 

However we’re considering cell degradation in a 
GPS orbit. Since the cells in this orbit undergo 220 
eclipses a year and since we wish to go to deeper depths of 
oischarge, degradation due to cycling becomes a major 
factor. As indicated, Equation 2-A was formulated by 
liciiermott for 6 amp-hour cells used in the accelerated test 

225 



program carried out at N?iSC/Crane. :ince block 1I C;PS 
program uses 35 amp-hour cells, Equation 2-A is modified to 
the more general form 2-6, where the rated cell capacity C 
can take any value. 

(Figure 19-4) 

It is clear that during the solstice period only 
trickle-charge degradation takes place. However, it must oe 
noted that during the cycling perioc in a GPS orbit the 
maximum eclipse is only of 55 minute duration. Since there 
are only -two eclipses a day ,during tt-e eclipse season, cells 
have a minimum of 1 I hoo11rs an d five fiyinrltes ,to recharge. 

In a LEZ orbit, on the other hand, the satellite 
undergoes 14 to 15 cycles a day, and therefore has 
correspondingly shorter recharge periods. tiecause of these 
considera.tions I have assigned half the time spent in the 
cycling mode to trickle-charge deqraaation. ‘rhe resultino 
expression for F(t) is given in Figure 3, namely eauetion 3. 

(Figure 19-5) 

degradation due to cycling is generally reported 
in the literztr-Ire as cycles-to-failure, CtF. Th e 
relationship between cycles-to-failure and time-to-failure 
due to cycling degradation, i-“(c), is given in i‘igure 4. 

(Figure 19-6) 

Eauations for the determination of CtF have, amonq 
others, been developed by tiafen and Corbett of Lockheec ana 
by ;l,cUermott . As stated previously, I will use a :Ilodiiiea 
version of :.jcDermott’s equation in this analysis. tiowever, 
in adaition 1 will compare 1TF results obtained in this 
manner with those obtained using; ii&fen and Corbett’s 
equation for selected values of temperature ano depth of 
oischerge. 

Figure 5 shows ?,chermott’s equation ior cycles-to- 
failure. The coefficients in this ecua%ion are the results 
of nonlinear regression analysis. Ir. the mocified version 
usec by me the last two terrns relating to discharoe ano 
charge are left off, 2s sho:Jn in the next figure. 

(Firlure 19-7) 
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lhe reason for leaving off the last two terms is 
that for seep oepths of discharge, sey 3O percent or W 
,percent, the lest two terms exert a cisproportionate 
influence, making the calculated cell cycle life a,n,pear 
lonqer since the values of the last two terms remain 
constant or increase while that of the first term decreases. 
Fence truncatinq Squation 5 in this rranner eliminates this 
proble:;~. 

Ihe effect of this action cn less severe 
cperationel rlodes is as follows: 

For aepths of discharges less than abolJt 60 
percent ana temperatures less than at-out 20 percent Celsius, 
t t-l ? CFelCIJl3tf:~ cycls life is less then about 3.5 nercmnt .d d 
t h 2 r-1 i t. o I: n e r w i s E’ w -3 1.1 1 d I:; e . The charrle is %hercfore minor, 
69c; tl2e C\fCle-1 if3 values calculated by l.eavincj out the last 
tvl!o terms are sli:jtltly on the Fessimistic side. 

0itk! thy eid of Elll-lstion 4, F’(C) for the C;?S 
(; r :j i .I: i ij- t -I ~2 r i: f o r e e v 0 1 u ii t e i i i r r) r:i !%iI;atic!n 0 in Figure 6. 

iFiclr.:rc 19-8) 

;:e are no w in a position tc determine whether 35 
:.zp-hour :I ic!rel-cadmifu!T! ce! 1s operat inq at five oeor fes 
Celsius or less eno 35 percent depth cf tiischarqe have a 
i~s~~ul working liie of -1.5 years i3 i Gi’L or!3it. For an 
c11icrch6rqC: rste of l-15 milliarr.ps -- End this is 2 C/200 
rate -- 140 percent rechcirce anti 6ci percent XILI, F’(c) 
jS czlculKtea to 312 2Z.57 years, ana F(t), 25 years. 

tisinc. t;Iese valises in Equation l-3 we note from 
I; i qu re -/ t h n t ?I$ unrJer these ccndit;ons is 13.3 years. 

A similar cnlcul?tion shows thet TTF for a NiCd 
Sattcry qcinc to 55 percent depth of discharcre is 11 .9 
years. 

It is concludea that P 35 r’!Qo-hour nickel-cadmium 
battery onElr;7tinCj zt five degrees Cels’ios or less and 65 
percent iIS will last for c?t least seven and a half years in 
a ;‘p:;) orbit, 

(F iaure 19-9) 
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It was considered useful tc plot TTF as a function 
of temperature for various depths of discharges. i-‘ioure 8 
shows such a plot. 

At 57 degrees Celsius the battery has essentially 
no lifetime in terms of years. This must be so because of 
the 57 minus T -- T being temperature -- factor in Eouation 
C, which is the F(t) eouation. 

(Figure 19-10) 

tiioure 3 Fives TlF as a function of depth of 
discharqe for various temoeratures. tie note that for 
tehIperatur.es less than IU dqrees Celsius the nickel-cadmium 
cells experience a rather long lifetime before failtrre, even 
‘7 t Ci) percent iA..l_)L\. Ln the other hanc, time-to-failure is 
cuite sensitive to temperature. 

(Yidure 19-11) 

Finally, lable L compares Y’l’r values ootainea with 
tile r:io of the modifiec: :::cClrmott r’ (c 1 expression, ano 
the \cYlues obtaineu using; Zafen anu Corcett’s expression, 
&no t:?,at is the L.‘C3( expression that k e tFlKeCi about just 
previously. And they oEIve that also in a paper at the IYbl 
12i‘tc. t5ith one exce,otion the resu1t.s are in reasonable 
agreement. In Teneral, however, shorter lifetimes Were 
ottt-ined when the modified LcDermott expression was used, 
particularly at low temperatures. 

‘You can see that in the last column the only one 
that’s really radically oifferent is the third one, which is 
at ;: c: e ,o t i; of disci-larc!e of 70 percent arld a teabersture of 
zc r-c: ue,:;rees Gel sius. The rest of then, are in reasonable 
~-~Jl~CC~if?rlt. 

That concludes ‘my tal!~. 

,ik LLfiIj ] ~&C~.i: A very simple question. dayybe I 
conit ilnderstand everythin?;, didn’t I’ollow everytiiinq. 
-iAh6?Se years to failure, are t.hose avcraqes? 
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SENSE: In the case -- and Mr. Hafen talked about 
this in his equation -- I took the first failure to be the 
failure. 

HELLFRITZSCH: Yes, the first failure. But this 
is time to first failure, in other words. but is that on 
the average or ten percent or what? 

SENSE: Well, this has been worked out. I’ve 
taken the conditions that McDermott gave and they are the 
short, if you have a short in any cell, or if the pressure 
go es to let’s say 250 psi or if the cell doesn’t hold the 
voltaae, if it goes below one volt, and, as was mentioned, 
say, . --75 or thereabouts. 

The conditions for failure are very nearly the 
same for both the McDermott case and also for the i-iafen 2nd 
Corbett case. 

:JILDEN (Aerospace): Have )ou considered any 
dersting factor to the various equations for the fact that 
Crane oata is presented to .75 volts per cell whereas most 
working satellite systems operate down to somewhere around 
to 1.1 volts per cell? 

SENSE: nzll, 1 have tieo mvself strictly to the 
Crane mold of taking data. 

!.iALKEH (3e 11 Labs 1 : When 1 first proposed I guess 
about two years ago that VOIJ could scparete the cvclic part 
from tiie solstice part of the aeosynchronous orbit ~011 could 
use that as a first orcer anproximation. Last vear I think 
1 pointed out that that was onlv a first order 
i- Tproxiinat ion, and the reason is that cl:lrino the solstice 
aginc: ~OIJ qet deoradat ion products which then accelerate 
th2 oedradation in the cyclic mode. 

For example, if you take a set of new cells and 
cycle them to oeath you oet a certain cycle life that might 
oe precictec by the cvcling equation up here. mt i f you 
ta:te those same cells and ao a trickle char-o? aqe for some 
i’racticn of what their trickle charge life wor~lo be and then 
r.1.rt them on cycling you ret an entirelv oifferent [lumber for 
the cycle life. I t’s much, much shorter because of these 
ecceleratino factors, especially the corrosion on tne 
FJosii:ive electrooe that occurs due to the carbonate that’s 
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formed in the solstice age. The carbonate accelerates the 
growth rate and so the cycle life becomes less. 

SENSES Yes. 

MAlltiER: And finally, 1 think if you plug in the 
values for the CObASTAA satellites or the INTELSA’I-IV 
satellites where you have about 45 percent depth of 
discharge and something like 15 degrees, your equations were 
predicting 12 to 13 years of life ana tne satellites in fact 
failed before seven years. 

sE)JSE: I ernpnasize the fact that this is a first 
approximation. And what I nave done is 1 have developed an 
equation which allows you to put whatever equations you 
prefer to put in for either the cycle life or for tne 
trickle charge. 

Yaw I agree -- I/a not sure, I think there’s a 
difference whether you fly it cr whether you do it on the 
qrou nd, and !u.st why there is a difference I don’t know. 

In trickle cherae, of cour,ce, what hap,pens is that 
you do have shortina tekinq plase tr:ecnlJse the standard free 
enercjy of forma%ion of cadmium hvtiroxide is only minus-.112.5 
kilocalories per inol e, whereas that for cadmium carbonate 
is minus- 153 kilocalories per mole. And therefore the 
cadmium ijoes want to leave the ‘nydroxide and go and join up 
hii th the c2rb3nate. Of course ~01~~11 heve qrowth because 
the cz:1miui:! carbonate is insoluble it; water, and sn y011 do 
have shorting of the cells taking piece. 

KASTEN (idockwell): I think one key thing that yor! 
mentioned was your prediction was basea on a C/200 trickle 
charge rate and a less than five decrees C temp, and I think 
that’s a significant difference then tne two satellite 
Froqrarns you ment i oned. 

SJZI\ISE‘: Yes. 

hell, the eauations for the. other two satellite 
proqrarns did not limit themselves to the kind of trickle 
charge that you have. It turns out that C/290 is a fairly 
low trickle cherqs. 

te son,e discrep ncy tfiZY1rmott in h1 

‘c naper has considered 
trickle charges much Greater than thit’, and so there miaht 
7 i? . I don’t know. 
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ihe point I ao want to make is that we can modify 
the eauation and out a different kino of equation in the 
general eauation which 1 developed at the beginning of my 
talk. 

r‘L7fiD (Goddard 1 : I’d like to ask you to comment on 
- statement you maoe earlier. If I understood it correctly, 
Gou implied that cadmium migration was associated with 
trickle charqe. ticas that what you seid earlier in your 
presentation: 

SEYSE: Okay. This is kinc of a tricky question. 
Fquation 3 in i-ioure 3 Gives the timrz-to-failure clue .to 
trickle charge. P/e note thd ovsrcharoe rate is a factor 
in the ne?lative exponent. !Ience, for lerqe vallles of 
F(t) we would want the trickle charge to be as small as 
possible. In my presentation I stated that as a first 
approximation oeqraoation oue to cyclino is orirnarily the 
result of t!lickeninc: of the oositive electrode, ano that 
cell decrraoation due to trickle charcino leads to increased 
n y 1 c: t-1 def?raaation if the trickle-chargs rate is sufficiently 
hioil SLI~;I tilat tha inrerndi cell tern!:ereture is increased. 
1fiis leads to an increzssd rate of nylon degradation 
1-q .su 1 t i nr; i :‘I tj143 :,rodcrct ion 9f cerSor,.ate. I his , in turn, 
1: a-1 s E 5 t ad;ni I::~I to ::o into solution ar.G increases ca;lr(!ium 
n,if.:retion leadino to Shorts in the ~~11. ~-lo we ve r, if the 
cell temperature is t:ept low cnouqh in spite of nigher 
cv:frcC.lnr!jc rates the deqrodation of nylon, ani31 xence tne 
rdt,~ 01’ cerbonclte ;;rc:!uct ion, woc11~: l-e l(>w. The net reslrlt 
k3Uli.i ;,r! h LOW Lest? of cc’cimi:_llri :1:i~~r:ai-ion. 

r iJ;i; : 5211, I’m not sure I still understana. br1t 
tile i!i.lr:lici;tion I c:ot earlier was th;t trickle Charge ooes 

produce ciumiu;:; ;I;icrat ion. And I pointed out to you several 
1, 62 d r s ?1:.‘3 there ‘h’f:S a test run to leek ct that where trickle 
c hkrr’- e ,ras the aorninant moat; for acollt three yeers, ant 
c adm i IJ:.~ inicret j on aio not show IJ~ as an important parameter 
in ter:ns of the cell tie<;rac:;+tiorn mechanism. And I think 
ttli.>t V!ilS ;I.iOlJt C/30 et ri:oiii temperature. 

,:‘. A lJ b; C ii ( 3 e 1 1 Labs ) : Two more comments: 

back in about I?-/‘_) or ‘71 I oresentea a pa,per here 
tilet first oroooseo this nylon deqracation mechanism, the 
hich tezlperature overcharce, the nylon oecraoat ion prooucts 
5ior;;tina to the :>ositive electrode, decomnosin? and toltinc; 
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i;way the oxyqen evolution that woulu normally have kept the 
neq;tive aischarqea or at its constant state of charge, end 
ceveloped a set of equations ‘which preuicted this as a 
function of temperature ancl the overcharge current. So if 
you went to make a moJification to ycrlr solstice agino 
eauetion to take into account the trickle charge current you 
can refer bac!c to that .oaper. 

5;E1’.jSE: I aoprecinte it. lnd I’d like to oet 
tooether witn vou afterwards and you can te31 ne jlrst 
exactly where I can find that. I/c e?,preciate that. 

‘The other cor!~rr~ennt is that !his mechanism preaicts 
that the nylon ceorc,dation reaction continues to dominate 
~11 the wry doi<n t,:: ?erz degrees or -LO, and that’s not 
true. I‘!>E. 15 kilocalorie or so activation energy that it 
has is ;;rrfectly valio above room t er;:oer ?t!.~r e. tiut when you 
ore!:; bel~.~w rco7I te~loerature anotjer r:,echanism takes over ano 
cives yc;u shorter lives than you would preoict from the 15 
.A “il:.~cr;,lori;? lives, down around six tc eioht kilocalories. 

!.:.qu;iiyj : And the Crane dct? reflects that. 

5 E ,q 5 I< : I’m not sayinc; that the nylon degradation 
is a uominant factor at all down near zero deorees. 

As i’sr as the activation ererqy of 15 kilocalories 
is ccncerne;i, I’m we31 a.!:‘are Gf the Tact that you’ve workea 
on thet ant 1 think the implication there is tnat you 90 
iron: 19.6 nilocalories to 15 at ar0uf.u 26 degrees Celsius or 
thereabouts. 50 there woulc be 2 sl iaht chanae, ves. 

, :,\;ic;ti;!Ji,‘, (Iluqhes 1 : :Ihat do ycu envision as the 
source of carbonate at the low temperatures? If YOIJ have 
v O'J r sclio st five decrees, what do yorr envision your source 
or’ c arbonsta S 

(,,F’:raocl?t lo;13~w;n $1 ( there will always be some nylon 
, . . > C> And I think mcst of the time these 

birds E re i.lown at m-1 what: -- ten dearees C or thereabouts. 

In other words, tne oeneration of carbonate doesn't, come to 
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en abrupt halt: it just means that the kinetics are such 
that they are very, very slow, and there is not really that 
much carbonate oenerated. 

I’m not seyinq that there isn’t any. 1 think it 
will be small; it will be in very minute quantities. And, 
of course, if it is orasent in very minute quantities then 
of course you don’t have much cadmium micg-ation. And this 
is the advantage of flying at very lcw temperatures, like 
zero degrees. 
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Figure 19-l 

Figure 19-2 

Figure 19-3 
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Figure 19-4 

Figure 19-5 
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Figure 19-7 Figure 19-8 

Figure 19-9 Figure 19-10 
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GALlLEO BATTEiik 

L. Marcoux 

Hughes 

loday I had to make a choice between the two 
papers I planned to present. because I knew that the 
nickel-cadmium community probably couldn’t tolerate two 
battery tirades from Marcoux in the same day, I electea the 
one that I think is probably going to be of most interest to 
this group, and that is reportinq on another episode in that 
interplanetary soap opera that we ca!l the Galileo probe 
mission. 

We’ve been doina this for some four years end it 
has been interesting because it’s a brend-new technologv 
which we’re seeinn, reallv stretched to its limits in terms 
of mission time and performance requirements. 
has The la% year been a fairly exciting one, as a matter of fact. e 
be?zn by celebrating tne winter solstice with a major 
viSration failure during the qualification sequence of the 
s,econo five modules that we had built. 

Yie emphasize on that chart the word J8recovery.‘L 
In a very short time we were able to analyze the problem and 
come up with what appears to be a totally unbreakable cell 
6no battery now, and have been able to move on. 

As part of the rubber mission nature of Galileo, 
we had a series of mission changes which in turn generated 
a change in what we felt was the best cell for the mission, 
end also forced us to repeat our electrical simulation of 
the 150-day coast and descent. We spoke about that to some 
extent last year on two tests. This will be the fourth test 
in that series, and it is interesting cecause it is a real 
tirnt simulation of the electrical mission for the last 150 
days. 

(Figure 20-l) 

lhe history of vibration testing in Galileo is 
spotty. kou’ll notice this chart indicates it’s a modern 
history. lhere is also a Galileo vibration history testind 
chart which is the ancient history, and that involvea 
so:nething like three levels of embedoed subcontractors. Not 
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surprisingly, by the time the test was actually performed, 
it has performed at something like three times the 
oual if ication level, and obviously everything broke. 

Those modules were replaced. To convince 
ourselves there wasn’t a problem we cid some cell testing. I 
think IO cells is suite a bit of cell testing. It turns out 
it really ?fasn’t enduoh. 

L’ie took our five orototype moaules throuch the 
acceptance level test with no difficulty, as you can see. 
We roared on through the sine sequence with no difficulties, 
but when we reached the Y axis random, all hell broke 
loose and we actually broke a cell, or it was clear that 
a cell had opened and that it was going to be necessary 
to tear the whole thing down and really see what the 
problem was and start from scratch. 

In so doing we-1 shouldn't say "we," Honeywell. 
This work was performed by Honeywell. The design is their 
work. I’m talking about it today because what we're talking 
about is more mission-oriented rather than cell technology- 
oriented. 

aut I1oneywel1, in the course of the module 
dissection, discovered that their module design was all 
ric>ht but they thought they could make it ,a lot better. SO 
we also took advantaoe of this chance to redesign, also to 
redesign the moaule. iiie came up with I think w;hat is a 
vastly superior module design to the one we were operatina 
Ir,‘i th . 

We then carried cells throcgh heavy overvibration 
and passed the module through stanaard oual. vibration and 
passed. 

(Fioure 20-2) 

Not surprisinoly, the place that the failure 
occurred was on the anode tab at the dotted line. It turns 
out that we were apparently way out on the wings on the 
distribution when that hanpened becatrse prior to this test 
we had probably tested 30 or 40 cells in the same vibration 
regime and not 
encountered a failure. 
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What it appears is if that operator crimps that 
tab just a little bit when they insert it in the cell, which 
happens now and then, you introduce e stress point and in 
vibration of the Y axis, which is the long axis of the cell, 
you will encounter failure. That’s exactly what happened. 

(Figure 20-3) 

To understano which cell it was, it was Ce31 
Sumber 5, which is in the middle of the module. 3f course 
we are seeing a greater amplification factor there. That’s 
not an excuse because the vibration levels we’re testing to 
are those calculated for the bracket input to the modules. 
So indeed, the levels that it saw in the tests are the same 
levels that it Would see in a mission. 

lhe cross-section of the module that we were usinq 
at that tilile is fairly interesting. You can see it’s 
extremely complex. ‘The rnajor features are, the cells fit in 
on i series of offsets; those offsets are necessary to 
permit the cell vents to operate in the event of a short 
circuit. 

You can see the next layer above, a rubber pad. 
And the offset is epoxy foam ana then r’ina!ly 2 hara potting 
material cast on top. 

tiur dissection of the moduie wasn’t conclusive 
that the cells had been mooile, but there was some 
indicE:tion that the cells were slightly mobile in that 
conficuration. b:e decided we wolula t-e much happier with a 
fully rigid confioui-ation, so we changed the module design 
eno t:-?efed up that cell tab. 

( Fiqur e 20-4) 

As you can see, we went from .i inch to tab to .6 
inch, and from a 3-mil nickel strip to a 5-mil nickel 
strip. The increase in width yea see allowed us to get a 
little bit of radiusing in it, which gave us some additional 
strength. 

ne also anticipated the next failure mode, which 
would be the tearing away of the tab from the nickel, and we 
included in the new desiyn a nickel crid. yve wanted to do 
that anywey. There are certain advantages to that from the 
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standnoint of capacity because one of the modules-- The 
battery consists of three batteries. Two modules are 
dedicated to the final 46 minutes of the mission. iJne 
module has to operate a timer at a feirly low pulse current 
for i50 days prior to the actual entry. 

The coast timer module is badly depleted by the 
time it enters the jovian environment. If we didn’t have 
the grid we wouldn-‘t be able to take advantage of all of its 
capacity because we would have used up enough lithium that 
WC? ‘3 have a lithium lacework anode. 

Consequently, that was something we wantea to do 
anyway and something we felt also strengthened the cell. 

(Figure 20-5) 

The module change that iioneywell recommended was a 
vast simplification of the existing cesicn. tie ciiun’t 
change the case configuration or anything like that but we 
changed the potting arrangement. 

The clever thing that they dia wes they eliminated 
all of the small offset pieces that required bonding to the 
moaule case ant opted instead to cast a 13-cell block. 

Now that line halfway up indicetes the level to 
w!>ich the cells are potted. That ce31 block is then dropped 
into the module case. The electrical connections to the 
flexible printed circuit board can then be made with 
captured cells instead of cells thet are sitting up wobbling 
on these offsets, so it gave us a great deal more control in 
the fabrication of the modules. 

Under ordinary circumstances that wouldn’t be too 
terribly important because in a conventional battery you’ll 
cerhaps build six packs, nine packs, something like that. 
&t because this is a primary we have to build something 
like a hundred modules to see us through systems tests and 
L 11 those other test sequences. 

So we need a degree of confidence in our 
fabricability here, and this change ellowea us to accomplish 
that. I think you can prooably see it much more rapidly in 
these pictures. 

240 



(Slide. Not available) 

This is a photograph of the mold that’s used to 
form the cell block. 

(Slide. Not available) 

Here is a picture of the cell block, indicating 
hhat it looks like before it’s dropped into the module. You 
can see the vent areas are open, allowing the cells to vent. 

(Slide. Not available) 

Ne can then drop the module block into the case 
itself, bring the flexible PC boards .over, do a final 
potting with the same rigia die-cast material, and then 
button the module up and it’s finished. 

We’ve built five of those modules now. In fact, 
we’re embarking on 8 build of some 40 or 50 of them, but 
we’ve completed five and carried them through the 
aualification level vibration with no difficulties 
whatsoever. 

(Figure 20-6) 

We have also taken one module and carried it 
through the entry deceleration loading which in this 
particular mission is appreciable. The qua1 if icat ion level 
is ramped up to 425g’s and then backed off and sustainea at 
3OOg’s for something like two or three minutes, so it’s a 
fairly stiff environment as a matter of fact. 

We also felt that we neeoed to define, at least on 
the cell level, the level at which f Eilure occurred, so we 
went into severe overvibration. That’s one five-cell group 
we carried through 12 G(RMS) for 40 minutes which is ten 
times the qualification time perioa. 

On the same cell group we then moved on up to 1 f? 
G(RMS), and finally to 27 GERMS), ano at no time in those 
120 minutes did we encounter any open circuit anomolies or 
anything like that. The cells are virtually unbreakable. 

We repeated at the 27 G(RIv!S’) just to give us 
another degree of confidence. 
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So based on those results ve think the vibration 
failure is behind us. We also think that anyone using 
lithium-SO2 cells in the aerospace ervircnment has probably 
learned something because shortly after our difficulties .’ 
problems were encounted with the better-y for the 
instrumented test vehicle and the same fixes were used and 
are apparently going to be eouaJly eifective. 

(Figure 20-7) 

The most exciting thing that hrnpened was the 
aecision early in the year not to ha\;? the probe cerried on 
its own indiviaual spacecraft br!t, r-Ether, to return it as 
the original confiauration, add it tr the orbiter that VRS 
being built by JPL, and the ramif ications of thaf, chencfe 
from a dual launch to a single lc?:!r.ch were ;1s fo!.lolv!s: 

The launch was delayed from ‘84 to ‘35: 

The coast period which hcid been dronped hack to 
100 days, which had given I:S a grept. *.1’eal of confidence an!-; 
a greet deal of extra canacitv -- I think VOI.I' 11. r?-en’cDr pit? 
standing here with a silly qrirl on i;:) f ;I I: e 1 ,:! 5 t y-c’: t 1 r !; e c au t; i- 
we/c done electrical simulations and shovn WF h?d somethin!~ 
like 30, 35, 40 minutes of margin in our eesi?n. ih?t stole 
all of that away from IJS. 

Finally, the interface t emFeraturc between the 
orbiter and the probe was some 20 decrees higher than 
originally anticipated for the probe/orobe carrier 
configuration, and now all of a srrodcn this corrcsion 
business, which I’d always been able to lauch ofi ant say 
Aha, we’re flyinq at zero degrees C., we don’t have 3 
problem, is not yet a problem but it’s moving us into e 
dangerously iffy region. 

be fly now somewhere hetvecn 20 and 25 C. and we 
have to do that for a period of from three to five yt‘ers. 
Our trajectory is still slightly rrncfrtzjn, so we’re 
starting to worry more about corrosion, she1.f -1if e-type 
effects than we had in the past. 

(Fioure 20-8) 

;4e had, very wisely I think, a year and a half ago 
built 400 cells which we called the elternate cells, which 
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were a compromise between Sam Levy’s state-of-the-art cells 
end what we thought we could conservatively incorporate into 
a spacecraft battery and not raise tco many eyebrows at 
EASA/Ames. 

You can see the top line indicates our oriGina 
baseline cell which was 1978 state-of-the-art lithium-S02 
technolooy. Sandia, and Sandin in conjunction with 
tloneywe 11, and Mallory carried orlt several studies on 
increasing shelf life end increesinc low rate oerformance, 
end the upshot of that were several component chances. 

As well as those component chandes, oeople sot 
much smarter a!.>out how to assern51e ~~11s. and there ?!er? 
many process c hanyes. 50 (‘rllr prcsfnt c,--?lI th?jt w’? bf+1,i?VL 
is tile cell we’ll flv, in t!-~a!, finrdl c~! 3 vol.1 c:7n ~CIP t?c: 
major changes in terms of components are: 

iYe have now eciciec’ an anode qrici which ?~e think is 
extremely important; 

Pie have chanqe;c! front t!~e class sea.1 compmy b111e 
class, which has some numhtr that is onl,!! [ITT?‘;! cirJrinr;l fc,rmsl 
occasions, and I don’t think this is formal mour:h to (lri+T( 
it out, to the Fusite 1Ob which is a much litore 
thermoaynamically stable glass. 

Pinally, we’ve changed the electrolyte 
concentration. Pie reduced the lithium !zromic:e concentration 
and that has serious ramifications in terr?s of .s:-Ielf life. 
So I’d like to talk in a lit,tle more de,t,eiI about 111~ ~;J.ass 
seal chance, and about the e!ectrolyle change. 

(Figure 20-9) 

I’he cell depredation hes really two sorts of 
effects. tine is the alass se.31 effect am! t?P other is the 
combination of those last three shown on the chart, nemely 
electrolyte oearadation oeneretes prcd!lcts that !Indoubt.?!dly 
facilitate tantalum corrosion anf! also facilitate 
self-discharge. So if we cover the o!.e.ss sea.l. we cover the 
electrolyte change, anti I think v:~‘vF. cc)v?r?(! the inn-<or 
shell li-fe effects. 

(Fiaure 20-10) 
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I think the conference was the first place this 
business was openly discussed. Chuck tiennett from GE 
startea tslkino aoout glass seal corrosion and everyone 
became concerned with it. 

That’s a horror picture of what a corroded old 
blue glass seal looks like. The onl)’ reason I keep that 
arouna is when interest starts to wane on fundinq for 
corrosion test ino, I brine that picture out and @ASA becomes 
much more interested in corrosion testinq. 

(Figure 20-11) 

The pro:>able cause of that, Sam Levy feels, and I 
think most of the conm\lnity aorees with him, is an 
unaerpotential aenosition of lithiurl: on the <less that leaas 
to reactions With the glass to either cause the class to 
chance voluxe and deteriorate b~caust it’s in compression or 
form .a conductive film across the surface of the qlass, so 
he either have sel.f-discharge or rupture. Jn either case, 
neither is tco desirable. 

There are three approaches to solving this. The 
first would have been to use a polymeric coatinc.1, end that 
was a p,opular aporoach. two or three years ago. In the 
Galileo orooram that approach was re!fected because lrJe felt 
coming u,p With material comx3atibility for four to five years 
usinc! polymers was ooinq to be something that we’d have to 
co too much real time testing to oet meaningful results. 

he felt a more straightfdrvard aporoach was a 
band-aid approach t;lat useo a mechanical coveruo. In the 
past year’s testing: we found oclt that the band-aid was not 
that effective and es a matter of fact, we would be better 
off using a more thermodynamically stanle class. 

(Figure 20-12) 

The confiauration that you’ve probably seen in 
connection with t%e Galileo prooram is that configuration in 
which the tantalum pin is surrounded by a polypropvlene 
washer and then a tantalum ?!asher is forced down on top of 
that. It’s not truly a hermetic seal. In fact, you can 
measure CjlaSS Seal degradation by the amount of hydrogen 
evolved by a standard seal sample saying, ~01.1 know, whatever 
happens, a reductant is formed and tl-.e amount of that 
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reductant reflects the extent of corrosion. And if you do 
that you get a fairly interesting result. 

(Figure 20-13) 

You can see the top line indicates the volume of 
hydrogen evolved versus storage time, at a very high 
temperature, by the way. 

You can s.ee the second line reflects the results 
that you obtained with the tantalum washer coverup, and you 
can see that initially the tantalum precludes the 
electrolyte solution from coming intc contact with the 
glass. 3ut ultimately it is not a hermetic seal; it leaks. 

Unce sufficient material hes leaked in, the 
decomposition rate is essentially the same as that of the 
unprotected glass. And every cell that we cpened u,o in the 
course of this work that was more then six months old and 
had this glass coverup had aecomposition products on the 
surface of the glass. 

?ou can see the more thermodynemically stable 
glass had much,much better performance even at that elevate0 
temperature. And it is based on those results that ‘tie 
elected to change ta Fusite 108. 

(Figure 20-14) 

The lithium bromide concentration question is en 
interesting one. Early cells, when placed on high 
temperature storage, would initially indicate an increase in 
open circuit voltage from 3, up to 3.5, 3.6, and ultimatelv 
then they would open circuit. 

Fairly clearly what’s happcnino, based on two or 
three other sources of evidence, is that SC32 is reactind 
with the bromide forming bromine. Tt.e bromine is attacking 
the tantalum weld. This is wor!c that. Sem Levy has presented 
here and other places that I think hes borne out 
experimentally pretty clearly and prettv carefu3 ly that 
that’s the case. 

Furthermore, that bromine can else increase the 
self-discharge rate by reacting with lithium. Xhat )‘OIJ see 
then is at 3.5, 3.6 open circuit voltage. is tne 
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lithium-bromine couple. Rhen the corrosion finally 
completes, the cell opens up and you see that behavicr. 

(Figure 20-15) 

If you compare three,different lithium-bromide 
concentrations, the results are fair3y interestinq. If you 
look at a ratio of 2.5, which is an extremelv :liqh ratio, 
you can see that the open circuit voltac;!e increases very 
rapidly, and then the cell opens in _comethinq like 25 or 30 
oays . 

The 8 percent lithium-bromide v*‘as the basslinh? 
Galileo electrolyte concentration. You can se!4 there was a 
touch of a chemical reacticn early bL!t obviously that was 
just a trace-impurity sort of thinq. And then u!timc7t ely at. 
150 days the reaction takes off. 

FinaJly, you can see in the case of the 6.4 es 
you’ll note the error on the chart, the 6.4 percent 
lithium-bromide. T:7e open circuit vcltace is essentially 
invariant even at prolonged times Ft ratiler high 
temperatures. 

(Ficrure 20-16) 

You can see the same effect on czpzcity. ?‘I-!ere’s 
the 8 percent capacity dropping off, aqain at. 16,O decrrc-es 
F whereas at 6.4 percent capacity, 
1::s rapid. 

the decline is mr!ci 

So based on those cell char.ges we t’louqht it ::,a~ 
necessary to repeat our simulated battery tests. 

The simulated battery test doesn’t use Battery 
n;odulesi it uses IS-cell groups tapec tooether, wirea 
exactly as they would be in the battEry with tl:>e protective 
aioaes and all of that, end confiqrlred ano loaclea as you 
would with the battery. 

;Je’ve done several of these tests. The mission has 
changed. We’ve also gotten prooressjvely cleverer, enc? our 
last test is probably the best simul;.tion that \r!e’ve carried 
out of the 150-day coast timer loac. 

(Figure 20-17) 
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tie were originally simulating simply a steady 
state. It’s a pulse load. tie ultimately went to an 
Ertificial pulse. In our last test he actually built up a 
breadboard of the coast timer and carried out the test for 
the 150 days with a breadboard simulating the flight 
instrumentation. 

Y/e also have grown increasingly wiser about what 
the load of our C-switch bus is. and what that amounts to is 
that the reduncancy to the coast timer is an inertial switch 
and that inertial switch requires some 28 microemps at 
its bus during the 150 days of coast. So that’s an 
additional parasitic load that uoes cn the two descent 
modules because earlier testing indicated that microamp level 
loads didn’t introduce anv problem ir terms of hioh rate 
capacity later on in the mission. 

So you can see we ‘nave matured in ollr testino. 

We have also had to go ‘back to 150 davs becs[Jse 
that is once again our mission. 

(Figure 20-18) 

The results that we got are quite encoureqina. 
This is the voltage time curve for the simulated batters 
test. Those initial events are some conditioning pulses 
that we use. Pie found it necessary to drop the battery 
across heater resistors for something like ten seconds in 
oraer to remove the passivation layer. That will permit us 
then the rate capability for the very critical relay events 
early in the mission. 

You can see then there’s scme ore-entry science 
for something like seven hOlJrS. A little bit of more 
intense science begins just before entry, and then when you 
see it drop down at entry, that’s the transmitter turning on 
and it’s drawing scmething like a F-amo !.oad from the 
battery and that amounts to 3-l/2 to 4 amps from the two 
oedicated descent modules, and whatever the other modrIle can 
provide, which it turns out in this last test was 
snpreciable. 

The blips, their voltaoe is critical. Those are 
pyrotechnic events. 
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The specified mission from the entry point of 
O.l-bar pressure is 48 minutes past that point that’s 
inoicated there at E plus 51 on the chart. And you can see 
our final cutoff voltage is that voltage at which the 
transmitter no longer functions, 211 volts, and you can see 
that happens at E plus 66 minutes. 

(Figure 20-19) 
Re are contractually required to orotide no more than 90 
percent depth of discharae at end of mission, and this is 
difficult to calculate because our current profile is 
erratic and our temperature profile toes from zero to 60 
degrees in the course of the 48 minutes. 

I think the best definition of depth of discharcre 
is really the capacity that is reouired divided by the 
capacity that you observe at the cutcff voltaqe of 27 volts, 
and if you do the calculation that wey you811 see we’re well 
under that 90 percent depth of disharge and have suite a bit 
of encouragement that we have a signif icant margin. 

(Fiour-e 20-20) 

You can also look at that n-,aroin in terms of time, 
and you can see in our most recent tests that margin is 14.3 
minutes. The reason we compare it with Test Number 1 is 
two-fold. Test Number 1 is a comparable test because it was 
performed with a 150-day coast. It ClSO allows IJS to sit 
back and see how clever we were in changing our cell design 
because those ten minutes of additional margin are clesrlv 
due entirely to the chanoes in cell cesign that we carried 
out. And you can see cur present position is that we’re 
back to the sorts of maroin we were talking abolJt last year, 
which is very pleasant. 

(Figure .20-21) 

The voltage performance for those pulses isn’t too 
terribly exciting. He have a 16-volt requirement. You can 
see throuchout the 48 !ninrJtes we were well above the 16 
volts. 

So the situation now is cur only real concern is 
life testing. We are about to embark on a major life test 
matrix, some 600 cells and seven years with five 
temperatures. And I think with that done we’ll be able to 
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proceed with the sort of confidence that you want to when 
you know that this battery is the sole power supply for the 
entire scientific package. 

In closing I think we should point out that this 
afternoon we’re going to hear the Sirth Annual Heport on 
Viking. I don’t think Viking really has a chance in terms 
of Annual Reports because our earliest possible planetary 
encounter is 1988, so I think you should bear with us and be 
assured that this isn’t the last you’re going to hear about 
the Galileo battery. 
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VIBRATION TESTING HISTORY 
MODERN 

Figure 20-l 

GALILEO L/SO2 BAllERY MODULE DESIGN OETAILS 
I 

Figure 20-3 

CELL FAILURE POINT 

304S5 HEADER 

POLYPROPYLENE 

Figure 20-2 

ADOPTED 
CELL REDESIGN 

BASELINE ANODE DESIGN 

A, CATHODE TAB 

-CATHODE 
- Li ANODE 

‘SEPARATOR 

Ni EXPANDED 
UM 

REVISED ANODE DESIGN 

Figure 20-4 
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REVISED MODULE DESIGN 
cl 
c!& ‘T 

h - ’ 

SOLDER AND COAT WITH CELL LEAD 

““Tnu 

AI MODULE 
COVER 

STYCAST 
lam 51 
POTTING 
MATERIAL 

PARTINQ 
LINE _ 

STYCAST 
low SI. 
POlTlNG 
MATERIAL 

. 

. 

. 

;f !iGs&sJ 
PROPYLENE CEI 

\ AI MODULE CASE ’ \ sUiPoRT R’NQ 
CELL VENT HOLES 

Figure 20-5 CELL VIBRATION TEST RESULTS 

LI 

.CELL WITH 
MYLAR HEA 
SHRINK 
JACKET 

T 

LOT 2 CELLS 

0 Y-AXIS RANDOM SPECTRUM, B-CELL FIXTURE 

. ALL SURVIVED 12 G(RMS) FOR 40 MIN 

. TWO CELLS FAILED (20.55 MIN AND 33.4 MlNl AT 18 G IRMS) 

REINFORCED ANODE CELLS 

0 ONE B-CELL GROUP CARRIED THROUGH SUCCESSIVE 40 MIN EXPOSURES 

. 12 G (RMS) - NO FAILURES 

. 18 G (RMS) - NO FAILURES 

. 27 G (RMS) - NO FAILURES 

. CONTINUOUS MONITORING OF OCV NOT POSSIBLE AT 27 G (RMS) 

. FIVE PREVIOUSLY UNVIBRATED CELLS EXPOSED TO 3 SUCCESSIVE 4 MINUTE 
27 G (RMS) SEDUENCES - NO FAILURES 

. POSTMORTEM EXAMINATION REVEALED ONE CELL FROM SUCCESSlVE 
VIBRATION GROUP HAD EXPERIENCED PERIODIC SHORTING - NO OTHER 
ADVERSE EFFECTS NOTED 

1981 MISSION CHANGES 
Figure 20-6 

r-r“ 
: HUGHES ; 
: , 

. PROBE RETURNED TO ORBITER 

l LAUNCH DELAYED FROM 1984 UNTIL 1985 

. COAST PERIOD EXTENDED FROM 100 TO 150 DAYS 

l VEHICLE TEMPERATURE INCREASED FROM O°C TO--Z&C 

Figure 20-7 
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IERIEB I YES INE”TOU NO 
~OL&EUELINEI 

.L”E METAL 8 Figure 20-8 

INEW BASELINE) 
SERIES III YES lNE”T OAS YES 0.8 FUWTEIO NO GLASS s.4 

CREMlX .- 

L/SO2 CELL DEGRADATION DURING STORAGE 
RELEVANCE10 GAULEO MISSION 

. ALTHOUGH OEGRAOATIVE EFFECTSMOST NOTICEABLE AT HIGHER TEMPERATURES, 
THEY UNDOUBTEDLY TAKE PLACE AT LOWER TEMPERATURES AS WELL 

. DATA BEING DEVELOPED WHICH INDICATES THAT BELOW 25% THESE EFFECTS 
WOULD NOT BE MISSION LIMITING 

Figure 20-9 
. APPROACH HAS BEEN TO UTILIZE HIGH TEMPERATURE ACCELERATED TESTING TO 

ESTABLISH MOST STABLE COMPONENTS 

. SOURCES OF CELL DEGRADATION: 

0 GLASS SEAL DEGRADATION 

. ELECTROLYTE OEGRAOATION 

. Ta CORROSION 

. SELF-DISCHARGE CAPACITY LOSSES 

GLASS SEAL DEGRADATION 

15X APPEARANCE OF SEAL DEGRADED AT 16O’F (71.1%) 

Figure 20-10 

252 



GLASS SEAL DEGRADATION 

PROBABLE CAUSE 

l UNDERPOTENTIAL DEPOSITION OF Li METAL AT GLASSIMETALIELECTROLYTE 
INTERFACE, FOLLOWED BY Li METAL REACTION WITH GLASS 

EFFECTS 

. CONDUCTIVE FILM GROWS ACROSSSEAL FROM OUTSIDE TO INSIDE, LEADING 
TO SELF-DISCHARGE PATHWAY 

. Li REACTIONS WITH GLASS WEAKEN COMPRESSION SEAL, LEADING TO RUPTURE 

REMEDIES 

. POLYMERIC COATING OF GLASS; REJECTED FOR GALILEO 

. MECHANICAL COVER-UP - INITIALLY USED FOR GALILEO 

. MORE THERMODYNAMICALLY STABLE GLASS-PRESENTLY USED FOR GALILEO 

Figure 20-11 
GLASS SEAL COVER-UP 

- 

HEADER W/GLASS SEAL 

POLYPROPYLENE WASHER 

EFFECTIVENESS 
\ Ta PIN 

. INITIALLY REDUCED SEAL DEGRADATION 

. MOST DISASSEMBLED CELLS REVEALED ELECTROLYTE PENETRATION 
TO SEAL 

. AFTER PENETRATION, DEGRADATION APPARENTLY SAME AS FOR 
UNPROTECTED SEAL 

REMEDY 

. USE MORE STABLE GLASS lFUSlTE 108) 

Figure 20-12 

GLASS SEAL DEGRADATION ELECTROLYTE STABlLllV AND TA CORROSION cl 
Lx&i “: 

!b 
COMPARISON OF APPROACHES 

0 1 2 3 4 5 6 

STORAGE TIME AT l@F 171.19. MONTHS 

OBSERVATION - OCV 

. BEGlNS TO INCREASE WITH STORAGE 

. ULTIMATELY FALLS TO ZERO 

PROBABLE CAUSE 

. ,NlTlAL REACTION BETWEEN SO2 AND Br-. GENERATING Br2 

l OCV CHARACTERISTIC OF LilBr2 CELL 

. ELECTROLYTE DEGRADATION AND CAPACITY LOS5 DUE TO SELF-DISCHARGE 

. CORROSlON OF Ta WELDS WHICH LEADS TO WELD FA,LURE 

. REDUCED CAPACITY DUE TO INCREASED CONTACT RESISTANCE 

REMEDY 

l REDUCE LiEr CONCENTRATION 

. REVISE ELECTROLYTE PROCESSING TO AVOID OVERCONCENTRATIONS 
OF SD2 WITH LiBr 

Figure 20-13 Figure 20-14 
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ElECTBOLVE STABR.llV VS #MIIFllSlTlON 

ELECTROLYTE 
BREAKDOWN 
POTENTIAL 

64% Lib, ALTERNATE CELLS AND REVISED BASELINE) 

2.900 I I I. , I I I I J 
10 20 30 40 56 60 70 80 90 

STORAGE AT l&F i71.1°CI. DAYS 

Figure 20-15 

SIMULATED BATTERY TESTS 
TEST SUMMARY 

SX LiBr - 

% 

ij , , , , , , 

0 20 40 60 80 100 121 

STORAGE AT 160°F 171.1%). DAYS 

Figure 20-16 

Figure 20-17 SIMULATED BATTERY TEST ND. 4 : . 
VOLTAGE PROFILE ; HUGHES j 

MAIN BUS 
. __.._a II. 
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SIMULATED BATTERY TEST ND. 4 
cAPAcmEs 

MODULE NO: 

1 

2 

3 

TOTAL 

CAPACITY. A-HR 

AT 
0.1 BAR + U MIN 

6.lo 

6.Y 

8.14 

19.10 

,.DEm” 0~ D,sC”Af,GE = REQUlRED CAPACITY = !@! = ,,., qb 
CUTOFF CAPACITY 2z.u 

Figure 20-19 

SIMULATED BATTERY TEST 
NO. 1 AND 4 COMPARED .: 

I EAlTERY TIME TO MISSION 
TEST NO. CAPACITY. A-HR CUTOFF, MIN I MARGIN, MIN I 

Figure 20-20 

SIMUIATED BAllERY TEST ND. 4 ,__________._._..__~ 
PusEnEsmNsE [ HUGHES i 

. .._...._.__ ..; 

PULSE PYRO MEASURED 
NO. PULSE AMP, A BUS REQ. V PULSE MIN. V 

1 6.3 16.0 18.7 
2 6.3 16.0 17.3 
3 6.3 16.0 17.6 
4 6.3 16.0 17.9 
6 2.6 16.0 16.6 
6 2.6 16.0 16.5 
7 2.5 16.0 16.3 
8 2.6 16.0 18.2 
9 2.5 16.0 18.0 

10 4.5 17.3 
11 2.5 16.0 17.5 

Figure 20-21 
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AN IMPROVED EQUATION FOR DISCHARGE VOLTAGE 

P. McDermott 

Coppin State 

Let me give you a little beckground information. 

About four years ago we hao tried to develop some 
fit equations for discharge curves in OrCJer to prOViOe Some 

parameters for the Crane accelerated test regression 
equation. We had initially tried a sort of stanuara fourth 
and fifth deqrse polynomial fit, and we qot very good fits 
with the voltage data. but when we took those parameters 
ana tried to put them into the larce regression equation 
which was being developed for the Crzne oata, we could not 
oet real high correlations. 

So a colleaaue of nine, r!r. Edward Sommerfeldt, 
about four vears aqo began to develo? o%her equations which 
might represent more the physical enc! the chemical nstllre of 
the batt cry, and therefore try to ma;r: the coefficients, the 
fifth coefficients better with the degradation of the cell. 
Me were lookinq for coefficients l.qhich ~0l~lt.d be cOrrel;j~:c?c! 

either linearly or non-linearly soneho~ with cvcles to 
failure so that we could net a prediction out of it. In 
other words, we’d look at the voltaqe discharge curves 3rd 

we would try to predict how lono the cell wor~ld last. 

This equation that we developed was a 
couble-exbonential tv,pe eclllation !qhich 1’11 show VOLJ tcda!f. 

!dore recently I’ve tried to refine that ana to qet 
a better equation, because that equation didn’t fit certain 
loltaoe c\lrves as well as I WO!Jld like. So I’ve acne 3,ack 
to ‘-- I sort of aropped the proJect for a couple of years 
and now I’m back on to it, both for i,sinF this for 
predicting failure but also to use it for a larcer model, a 
larger power systems model so that the battery eauation 
woula be one of other equations to mcdel the whole power 
system. 

And the utility of it 1 think is clear, that if 
you can oet an equation to aefine voltage that is 
temperature-dependent, rate-dependent, SW-dependent ano so 
on9 you can then use it in an operational sense if yore are 
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going to change the current on a battery and you wanted to 
finti out what the voltage was going to look like after the 
current changed, or if you’re in a spacecraft and you had a 
temperature change and you wanted to sort of map that it 
would give you a good way of dcing that without having to 
load a large table of voltage versus temperature values into 
a computer. 

(Figure 21-l) 

Let me start out by showinc the equations that we 
have worked on. 

The first is the previous version which shows a 
oouble exponential function. This term is a decreasing 
exponential term which takes care of the first drop in the 
voltaae, the initial drop before it flattens out. This term 
is really sort of the terminal droooff of the voltage. You 
can see as X in this equation, X is Fmp-hours or charae orrt 
durina the discharge. That is sucposed to be an X/F or X-l 
to be really the capacity of the cell. As X annroaches X-l, 
this term becomes very laroe. And since it’s a necrative 
term then the voltage value droos of1 rather quicklv. 

But this didn’t fit all. situations as well as I 
would like. So I developea really ir. an empirical sense a 
new term for this micdle term in here. lhe third term 
remained the same and the first was lust a constant. Ano 
this tern had a B/C-X where C now is a capacity term. .I-hat 
is as X, which is amp-hours out, approaches the capacity of 
the cell, t.hen the denominator ceoin? to increase rapialy. 
And since that’s a negative term then it droos the voltace 
off. 

So the non-linear regression that we’re ooinc, to 
co today is with this five parameter fit equation. Ano 1 
might add that after I founo this equation I found that 
Shepherd at NRL hau a similar ecuaticn I think published in 
‘65 where in his coefficients up her-F, 3 hao a current term 
in it and E up here also had a capacjty term. 

but what I was doina was, although this I think 
maps the physics and the chemistry of the cell better than 
this equation, I have not attribllted at this ooint any 
variable-like temperature or charau cr current to any of 
these coefficients. 3ut what 1’11 attempt to do once I have 
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fit a number of voltage curves is to then take A, B, C, D 
and E and try to correlate those with environmental factors 
such as temperature, depth of discharge, rates of discharge, 
and so on. 

(Figure 21-2) 

lhis is t:le fit of a curve, just to indicate what 
that parameter C does. By the way, these cells are 12 
ampere-hour GE cells which are being tested out at JPL, and 
1 think Irv Schulman has talked about these or will talk 
about these during the conference. 

The dropoff here shows a droooff down to between 
six and eight ampere-hours. Vow t hi s is a I2 ampere-hol.lr 
cell, but it has in a sense memorized a falloff to the 50 
percent DUD level. So 50 percent DLjL wo~~lc’ be six 
ampere-hours nominal. So this is tendinc to drop off a 
little after six. 

The C factor. which is what I’m calling the 
capacitv factor, turns ollt to be 7.1 here, ivhich is rairlv 
reasonable since cells after cycling for many thousands of 
hours -- this is 3ZW cycles -- tent to orop off even before 
their norninal capacity. 

(Figure 21-3) 

Now this shows a fit et ICW cycles. !\rhat I ‘[II 
going to show you is fits at 1000 cycles ana 2000 cycles and 
3200 cycles to show you the progression or the cnan.qe i.n 
characteristics of the curve and then the chenoe or: the fit 
parameters with those chanoes. 

This, of course, is the vojtaoe curve in here. 
lhis dotted line corresponds to the curve if you only t-,=lc: A, 
E ana C of my fit equations. Let me out those on the other 
vuoraph because I’m ooino to be referrino to the-n throughout 
the telk. 

In other words, after the fit if YOU had only 
plotted A, ti ano C and left off the C:E/-EX t?rmn, v0!1 ~o:lld 
cet the dotte,d line. :?ncl so the DE exponential term ~01~16 
correspond to tust this are,a rrn here. And the >.!bC would 
correspond to aJ 1 this area under here. 
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(Indicating.1 

‘The i3 coefficient is essentially this distance in 
here at X eauals zero. 

So this is the 1000 cycles 2c) degrees Centigrade. 

(Fiqure 21-4) 

Here’s one at 30 degrees Centiqraae; a little more 
curvature here, a roundinq off towarc the higher state of 
charge -- or state of discharge. 

(Figure 21-5) 

Ana here is it0 degrees; E little InOre curvature 
out here. Now to fit the equation it. helps to have P little 
bit of curvature down in this area tc incicate that we are 
starting to arop off, because that C coefficient is fairlv 
much dependent on this cljrvature riqbt in %h6t region. 

(Fiqure 21-6) 

Here is 1000 cycles later at 2000 cycles. We 
can see a little more dropoff here than we had at the 
previous 20-degree slide. 

(Fiaure 21-7) 

.4s we c;et hiyher temperatures we have hither 
dropoff, and finally at 40 derlrees a pretty sever? dronoff. 

(Fiaurc 21-8) 

Also this tends to flatten c?ut 8 little bit as yo11 
get this severe dropoff toward the u~t’er re!:;ion. 

(Figure 21-9) 

I would like to now show a table of the 
coefficients versus different temperatures end :iifferent 
cycles. These are all. 50 percent iIlL cells. So we havs 
three temnerature levels, 20, 30, 40. at different cycle-c,, 
lW, 500, 1000, I 500, 2000 and 3200. Here are the fit 
parameters, A, II;, C, i) and E. 
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Now we notice some qeneral trends here, that as 
you increase the cycles, A tends to crop a little bit; not 
much, the 1.4, 1.5 region down to 1 .S. You see I’m trying 
to oet some sort of a f.eel for how the coefficients are 
chanqino as the cell is oeqrading. 

f\low B is probably the most unstable of the 
coefficients. You’ll notice it starts .113 here. All the 
way oown the page it seems to have a hioh varia’oility 
although it’s tendinc to drop rather rapidly; ‘.2o, .06, and 
so on. 

C, which corresnonds to czh;t we’re talking about, 
the capacity of the cell., starts out at lOi> cycles being 
pretty close to -- exceot for this one -- beinq prettv close 
to the nominal caoacity of the cell, and then urons. 

>do~, 1 think what’s haypenina here is that c"s tille 

Goes on the cell isn’t losinc that mcch capacity, out. YOU 
are starting to iose that apparent capacity as the cell 
"memorizes" in the 50 percent DOD. In other words, it's 
tencinr to tail off as it hits 6 a!:liptre-ho:lrs, which wor~ld 
he the eno of discharcie. 

L) iS fairlV stable thrOUc!hcut. In other words, 
throuohout temcerS?tLJre 2nd cycles it reneins arouna .I , .I 2. 

Now E, :vhich is really the crlrvature of the earlv 
part of the cell, stays somewhere arcund I. 

(Firrure 21-10) 

I did a correlation, but rut-f ortunatelv 1 don’t 
have one on the slide. A student die this and handec it to 
me this mornino, so I wasn't able tc 09x a slizie mxle of 
it. i;ut it shows that there is some correlation in the 
coefficients with cycles. For example, A correlated to 
cycles is .7, ilctuallv -.‘I. C is .7i iI PlSO. ,411d E is .5, 
which is not a real hioh correlation. 

In terms of other, however, correlations witnin 
the coefficients there are some very high correlations. For 
example, A correlated against C is .99, ant ti correlated 
against C is also .Y9. 

Lo I think what this indicates is that if there 
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are internal correlations within the coefficients themselves 
we may be able to lower the number of fit parameters which 
would help in terms of the fit itself. lhat is, if A is 
very highly correlated with one of the other parameters we 
coulc eliminate A and then incorporate that into the other 
parameter. 

(Figure 21-11) 

Now the question arose as to whether we could fit 
not 50 percent DOD discharges, but 30 percent, 20 percent. 
In other words, can we actually get E fit when you don't get 
the rounding off of that last portion of the curve? When 
hhephera did all of his work he needed complete total 
discharges of the cell in order to fit his parameters. in t 
in an operational sense you want tc be able to fit a curve. 
If you’re in low earth orbit and you’ve only qot 25 percent 
DOD, you want to be able to try to fit that curve. So I did 
- study in which I took a curve which had a well rounded 
Knee and backed off. I oropoed off cata ooints so that.. . . 

(Fioures 21-12 and 21-13) 

This is a 1600 cycle cell Et 20 percent. Vie have 
the Lye11 rounded knee down here. Ar,c what I’m aoing to do 
is crop off data points, so that I’m essentially approachino 
eauivelently less depth of discharge. So I’m going to try 
to fit this curve which has just a slight rounding off 
there. 

(Fioure 21-14) 

So this shows the effect o’f fit parameters of 
varying the number of data points entering the rearession. 
lhis is 50 percent DOD, 20 percent, LO and 40. 

Parameter A tends to remain fairly stable. Ihis 
is as you get really effectively lower depth of discharge. 
B, however, jumps arouna a bit. C ircreeses here, not so 
much down here at 4tc7 degrees. C actually stays pretty much 
the same. C in here rises a lit.tle tit. 

(Indicating. 1 

Lou can understand that: as you’re losin? sort of 
a data point toward the end and have less rol.rndino off it’s 
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harder to define that area where C is dropping off. D again 
is fairly stable throughout, 1.1, .12, .lO. 

So I think what it tells me, at least, is some of 
the coefficients are fairly stable independent of depth of 
discharge. So we might attempt to lc.ck those in at that 
level and then attempt the fit again’. lhe less variables 
you have in the fit the more control you have over it. 

(Figure 21-15) 

Now I took one more iteration of this thing. I 
backed off two more points so that I had barely any 
curvature. This is a computer printout so I have to explain 
it a little bit. ?arameter A are .these values, every other 
value. Parameter E here are the values with the l.it,tle 
triangles next to them. And 3C and G are shown listed. 

Now notice the residuals oker here for the vario!.rs 
iterations of the regression. cue drop off rather rapidly: 
by the third iteration or fourth we’re stahilizind out and 
Just dropping really verv slightly. ijUt. notic? there are 
still some fairly large changes in scme of the parameters. 
C, for example, creeps frorn eight up to nine. ?arainet er D 
stays fairly stable. B, however, is the renedadei that one 
keeps moving quite a bit. It almost doubles here, and vou 
have very little change in the resicuals out 
there. 

So in order to try to fine a wav of necoming 
independent of the latter part of the curve and try to fit 
just the beginning part where you’re initially dropping the 
voltage off, I tried to devise another equation that would 
be a good approximation, if not the sane equation, and I 
came up with the four-parameter fit. 

Now this is only for fitting the beginning part of 
the curve, not the latter part of the curve, to get a good 
estimate of DOD. If we can get a gocd estimate of DOD from 
the initial points, then we can lock them in and rerun the 
regression to get a better fit for A, .B and C. 

(Figure 21-16) 

This underlyinq portion is fairly linear durino 
the early part. And so what we’re going to be doing is 
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fitting just a line equation, A-[AX, coainst this declining 
exponential, which is the tit-EX. Lo the four-parameter fit 
is really -- you’re fittino a line pIus that initial dropoff 
factor. 

lhis is what the fit looks 1 ike. :\low here we’re 
c,ettinc extremely close fits to the data points. You’ve 
noticed on some of the previous curves they were nooc fits, 
but the data points were missing a little bit on various 
places. 

Hera we’ve qot an extreme11 c 
fiv-e ooints. 

lose fit, to the f 

(Finure 21-17) 

irst 

When I do this at different temperatures oarsmeter 
a, which is the intercent really of zero, m is ttle slope of 
the straioht line and 1) ant E are the oarsmeters in the 
equation, as alkiays, we find a and m ar3 fairly stsble -- 
This is LO00 cycles and 3OC9 cycles -- I .3, 1 ..?, .OZ, .!I 105, 
and so on. 

I tt\in!< we hzve 5ome prett\j qcod confii.ienre 
that the fit of 11 and E here is very clcse to !+~c?t me ,:/ant 
for the final. value. 

Ihis is the point that we ire at now in t,he 
program. ‘Ihe next phase is to actua3ly rl_rn throiJt:h and oet 
- fit of D and E and then to lock thcsc in an:? fit ;I, t; eni- 
c, ancl I think we’31 hFve much higher correlations. ‘Ihe 
ultimate end, of course, is to be able to fin3 tem,oerat!Ir? 
dependence, current dependence of these coaff icients and 
then oo back ano haye a Teneralizeo equeticn which has 
temperature and death of discharge sr,d current and be anle 
to preoict voltac? versus cycles. 

1 hank you. 
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I EQUATIONS 

Previous Version 

DISCHARGE = A - BeC(+-x) + De-Ex 
VOLTAGE 

Five Parameter Fit (this study) 

DISCHARGE = A - B + De-EX 
VOLTAGE c-x 

Four Parameter Fit (this study) 

DISCHARGE = a - mx + De-Ex 
VOLTAGE 

Figure 21-l 

AlIF’ HRS 

FIVE PARAMETER DISCHARGE VOLTAGE FIT 

AI+= HRS 

FIVE PARMETER DISCHARGE VOLTAGE FIT 

Figure 21-2 Figure 21-3 
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3O'C. 30% DOD 
1000 cycles I 

ANF HHS 

FlVE PARAaTER DISCHARGE VOLTAGE FIT 

Figure 21-4 

AIIF HRS 

FIVE PARAMETER DISCHARGE VOLTAGE FIT 

Figure 21-5 

i 
ZO'C, 501 DOD 

2000 Cycles I 

HI-P HRS 

FIVE PARAMETER DISCHARGE VOLTAGE FII 

Figure 21-6 

N In 

AllF HRS 

FIVE PARAnETER DISCHARGE VOLTAGE FIT 

Figure 21-7 
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k : x G: i; 
l-i r; ; Y; 

RM= HRS 

FIVE PARANTER DISCHARGE MLTAGE FIT 

Figure 21-8 

TABLE la 

CORRELATION ClRTRIX 

Cycles A 
-.X8 .036 .1854 .0:3 -23 

E 
-.391 Temp. 

,.-. 
1 -.709 -.623 -.712 .724 -.559 Cycles 

K 

50 

50 

50 

50 

50 

5D 

50 

50 

50 

50 

SO 

so.., 

50 

50 

50 

50 

5p_- 

T 
t 
! I 
. 

1 ,971 .992 -.790 ,866 A 
___~ I .3e 

1 ,965 -.a31 .749 B 

1 -.770 ,858 .C 

1 -.429 0 1.32 

1 E 

y 1.x 

E Figure 21-10 

x 

20 

30 

40 

ZO 

30 

40 

20 

30 

40 

20 

30 

‘L. 

20 

30 

40 

20 

?! 

TABLE 1 

FIT PARA"ETERS FOR 50X 000 CCL15 AT 
THREE TIP LEVELS: CICLES 100.,1200 

a 

IW 

100 

1w 

500 

500 

500 

IOW 

1000 

Iwo 

1500 

1500 

IX 

2000 

2000 

zow 

3200 

3200. 

f L 

L 

L 
1.406 

1.446 

m 

1.401 

1.370 

1.282 

1.344 

I.317 

1.286 

I.287 

1.295 

1.269 

L.302 

I .252 

1.264 

I.281 

1.253 

L 

1.393 

1.957 

).701 

1.198 

.a91 

.1509 

.5646 

.3611 

.2095 

.I891 

. ,868 

.13)1 

.2627 

.0665 

.0911 

.17x 

-0937 

E 
12.150 

13.133 

15.711 

10.976 

9.915 

5.647 

8.926 

6.079 

7.21) 

7.146 

6.806 

6.826 

7.445 

6.223 

6.36L 

I.,00 

6.188 

Figure 21-9 

0 E 

.1071 I.745 

.0918 1.821 

.0542 1.195 

.11.51 1 .w* 

.0995 1.502 

.I013 .756 

.I239 1.592 

.1113 1.227 

.I059 .769 

.1403, ,.m 

.1159 1.214 

.1168 .737 

.I328 1.252 

.L287 .760 

.I193 .726 

.I414 1.134 

.I313 .968 

RIW HRS 

FIVE PARMETER DISCHARGE VOLTAGE FIT 
(All 14 data polntf included) 

Figure 21-11 
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Ah= HRS fWP HRS 

FIYE PARAKTER DISCHARGE VOLTAGE FIT 
(Final 2 of 14 data points 'mitted) 

Figure 21-12 

TABLE 2 

EFFECT ON FIT PARAIETERS OF VARYING THE NUNBER 
OF DATA POINTS ENTERING THE REGRESSION 

(502 DOD; 20.C. 3OY. 4OT; 1600 CYCLES] 

FIVE PARAMETER DISCHARGE VOLTAGE FIT 
(Final 4 of 14 data polntr mlttcd) 

Figure 21-13 

TEMP 

ZO’C 

NUMBER OF DATA, 14 
POINTS ENTERED POINTS 

PARMETER A 1.27 
PARAMETER 6 .14 
PARMETER C 6.90 
PARMETER D .I4 
PARAIIETER E 1.06 

PO:,',, P&TS 

1.31 1.36 
.33 .74 

7.04 9.4a 
.13 .12 

1.35 1.59 

3O’C 

PARWTER A 1.28 
PARMETER 6 .14 
PARMETER C 6.79 
PARANETER D .ll 
PARMETER E 1.05 

1.26 1.31 
.09 .37 

6.50 a.11 
.12 .lO 
.a6 1.24 

4ooc 

PARAMTER A 1.30 1.28 
PARAIIETER 6 .22 .16 
PARAPETER C 6.92 6.79 
PARAMETER D .lO .11 
PARMETER E 1.09 .a4 

Figure 21-14 
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TABLE 3 

FIVE PUNTER DlStnARCE VOLTAGE FIT 
(Final 6 of 14 drta points alttd) 

I .36 

I .33 

y 1.31 

E 
d 
' 1.29 

1.27 

1.25 

____ _ - ~-- 
,TERRTlOH ESTM,TiD PRRA,,ETER ““LUES ..-. -- ._.. S.S.RESIDVRL1 

PARMETER A PARPMETER B PARMETER C PARMETER II I 

Figure 21-15 

20°C. 301 DOD t 2000 Cycles I 

\ 

‘\ \ \ “‘1 

AW HRS 

FOUR PARMETER DISCHARGE VOLTAGE FIT 
(Includes only the 6 InitIrl dat9 points) 

TEMP 

,_.. 

20-z 

3OT 

40°C 

-;_; 

TABLE 4 

FOUR PARAMETER FIT OF VOLTAGE DISCHARGE 
CURVES AT 2000 and 3200 CYCLES (50% DOD) 

TIME ON TEST 2000 
CYCLES 

PARAMETER 4 
PARAMETER m 
PARANETER D 
PARAMEIIER E 

1.310 
.0215 
.0936 
1.990 

-~I---= 

PARAMETER a 1.306 
PARANETER m .0206 
PARAnETER D .0787 
PARAMETER E 1.883 

PARANTER a 1.282 
PARAnETER m .0134 
PARAnETER 0 .0850 
PARAnETER E 1.025 

T t 
I 

3200 
CYCLES 

1.310 
.0226 
.0994 
2.239 

1.300 
.0198 
.0852 
1.732 

1.293 
.0154 
.0836 
1.334 

Figure.21-16 Figure 21-17 
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NiCd CELL REVERSALS DURING RECONDITIONING 

W. Hwang 

Aerospace Corp. 

I’d like to descr.ibe to you today the results of 
some ground tests that we’ve been doing where we have had 15 
reconditioning cycles on a battery. Some of you have heard 
partial results from this at the last IECEC. 
a look at some of the rest of the aata today. 

We’ll give you 

The battery that we’re using is a 15 amp-hour 
rated C.E. battery used in the GPS program. At the beginning 
of our 20-month test it had an activation life of 54 months. 

(Figure 22-l) 

Deep discharge reconditioning is being consicered, 
so one of the questions that came up was, well, what happens 
if you’re going to reverse some of the cells and what 
happens to hydrogen production. So we’re interested in 
taking a look to see if you produce hydrogen, how much of it 
is produced and what happens to it 1Fter. What about 
hydrogen removal i and we wanted to take a look to see if we 
can see any differences in performances due to these 
reversals during reconditioning. 

(Figure 22-2) 

We selected four of the 16 cells olut of this 
battery. We fitted them with pressure transducers and those 
were the four cells that we’ve reversed. iVe also took some 
pains to try to prepare the cells ant the battery in a 
standard state before and after each one of these reversal 
reconditioning cycles. The next vugraph will tell you a 
little bit more about that. 

After we prepared the stancard state we charged it 
back up. Then we removed capacity out of the four selected 
cells. Then we start reversing them, either at C/l00 or the 
C/300 rate. We take a look at the pressure and watch the 
hvdrogen buildup. Also after the rexersel period we open 
circuit the battery and take a look et the hydrogen 
aisarpearance upon open circuit. 
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On two of the reversal periods we also took a look 
at the impedance of the four cells that co into reversal. 
We're interested in impedance at low frequencies. tie/r-e 
Jooking at the range of one hertz to about 10 to the 4th 
hertz, and this is the region where we”ve noticed changes in 
impedance due to electrochemical processes actually in the 
cell. We used a little different technique than what was 
described this morning. We have a small perturbation 
technique. We have essentially a constant current discharge 
over short periods of time. You have a small step function 
in that constant current and you watch the voltage response 
to that perturbation. 

(Figure 22-3) 

This is the standard proceaure that I just 
mentioned. We go through the cyclina procedure which 
includes individual cell reconditioning. I’his lasts at 
least 24 hours and sometimes longer. tie repeat these cycles 
until we get the capacities to agree fairly well. 

On our reversal procedure, after we get the 
standard state we charge it back up. Ne’ll remove anywhere 
from one to seven amp-hours capacities from those four 
cells, and then we start the reconditioning discharqe. In 
order to speed the tests up we do a power discharge first 
until the lowest cell, which happens to be one of the four 
we took the ca acity out of, reaches .9 volt. 

t 
Then at that 

point we switc over to our C/l00 or C/300 rate, jrlst put in 
a resistor across- the whole battery, and we continue to 
rnonitor until one of the other 12 cells reaches .9 volt. 

A quick comment on why we used .9 volt here. fle 
found, during this period myway, that when our lowest ceJ1 
reached .9 volt the average cell voltage was about 1 .I volt 
and we wanted to stop the test under this criterion. 

(Figure 22-4) 

This is the typical result we get. This is a 
C/300 aischarge. lhis was for cell number one. This was 
our third reversal cycle. 

Let me apologize for the units on the hydrooen 
pressure here. That’s kilopascals. If you divide these 
numbers here by seven you’ll get the pressure in psi. In 
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other words, this hydrogen peak right around here is around 
22 psi. 

If you take a look at this curve there are about 
three regions that you can discern in this pressure curve. 
Right toward the beginning here there is an induction period 
where there is very little hydrogen production. Then there 
is a hydrogen production region where the hydrogen pressure 
is almost linear. Then there is a third region which we 
call the shorting region, in this case* where you peak in 
hydrogen pressure and actually you start decreasing hydrogen 
pressure here slightly. 

You take a look et the cell voltages at this time; 
typically during the induction period you see a very rapid 
$;cer;y;E in voltage. It’s sort of a spike a areat deal of 

You go to about 70 to 90 millivolts negative. In 
your hydiogen production region your voltages are more 
stable. You usually have a gradual decline in this region. 
Then in the shorting region where the pressure tails off and 
actually peaks you have voltage that's consistent with formation 
of internal shorts inside the cell. This is this slow short 
formation. What you see is that the voltage rises toward 
zero gradually. 

(Figure 22-5) 

This is the very recent aata that we just 
completed, our 15th reversal. So this is fresh out of the 
lab. This is again cell one at the C/SO0 rate for the 15th 
reversal. This is the impedance data that we have. This is 
the resistive component. Let me make a correction nere. This 
is the negative of the reactive component on this axis. So 
we’re actually taking a look at the capacitive plane here. 

The solid line is the spectra that we get at 
two-tenths amp-hours of reversal. And you really don’t have 
much of a chance to form a great deal of this internal short 
yet. After four and a half amp-hours you form a relatively 
decent short, and you-‘11 notice the large qualitative 
difference there. 

(Fiqure 22-6) 

These are the peak pressures that we’ve reached in 
cell one. In our first reversal cycle we actual.ly didn’t 
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get a peak pressure. At that time we only took one amp-hour 
capacity out before starting the test. That wasn’t 
sufficient, and so the pressure was still rising at that 
time. There was no shorting behavior on the first one. 

We got a little bit wiser after that and we took 
anywhere from three to seven amp-hours out afterwards on the 
rest of these tests. And on the seccnd reversal cycle here 
we did see a peakino in hydrogen pressure. We did see what 
we considered to be the internal shorting ‘behavior. This 
corresponds to 140 psi. 

A couple of things to note here is that at your 
lower rates, if you take a look at tests two, thr.ee and 
four, -- the lower rates give you laker peak pressures. 
Again down here 13, 14 and 15, the lower rates are the ones 
that give you lower peak pressures. 

Another thing to note is that your pressures are 
much higher during your first reversel. This is the first 
reversal. It’s much higher here. If York take a look at a 
comparable rate -- this is actually the third, fourth and 
fifth reversal -- these are lower pressures. .4na, again, 
way down here on the 14th reversal, Egain a comparable rate, 
low pressures. 

You can see this trend if you take a look at the 
secona reversal. This is C/300. here it’s 156. Ana then 
these are the rest. So the two phenomena we have 
noticed here are the lower peak pressure with lower rates 
and also that as you have more reversals, or at least after 
the first few, lower peak pressures es well. 

This is consistent with the picture that what 
happens is when you form these internal shorts you have 
a network that bridges from the positive to the negative 
electrode. Fortunately we’ve been atle to reverse that 
process, and upon racharge all the shorts have been broken 
each time. 

Now when you break these shorts you don’t 
necessarily destroy the whole network. \Iou’ve just broken 
the network in certain parts so that the next time yowl come 
around into reversal you’ve already c;ot a head start in the 
short formation. So what you’re liable to have is lower 
pressures here. 
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This brings up one of the questions about this 
picture, however, that if you do have a partial network 
remaining will that contribute to the formation of hard 
shorts. And that’s a question that Vie really don’t have an 
enswer to. 

We also took a look at the hydrogen pressures 
after the reversal in open circuit conditions. We found 
that the hydrogen removal was first order in hydrogen 
concentration. Half-lives are on the order of 4 to 14 
oays. There’s a reasonable range there. 

These were run at -- all this data and most of the 
data that are not shown -- these tests were run at ten 
aegrees. At 25 degrees the hydrogen removal rate was about 
a factor of two higher roughly. You could calculate an 
activation energy on the order of ten cals. That activation 
energy can differ from one type of cell to another, by the 
way. 

(Figure 22-7) 

This is the peak pressure. It’s for the other 
three cells that went into reversal. The same type 
phsnoriiena on test number one, none of these shorted, so that 
none of these actually are peak pressures. 

13n test number two we actually peaked out on our 
pressure transducer here, so we’re net sure what that final 
pressure was. It’s in excess of 100 psi. 

Yie note the same type behavior on the first 
reversal. The peak pressure is fairly high. I:Ie went back 
to the C/IO0 rate on the 14th reconditioning, which was the 
13th reversal, and the pressures are !TIlJCh lower here. 

Again the C/30 rates oive you lower peak 
pressures. 

One thing to note here as well is test number six. 

It has an anomaly here. We actually have higher peak 
pressures than the ones before and afterwards. ;Ve had a 
computer malfunction right after test number five and 
:ust before test number six. And because of that 
r.lalfunc-tion we feel that we didn’t really get back to the 
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standard state that we talked about toward the beginning. 

Ihis is one of the things that I would like to 
point out here, that if you actually just have these cells 
or batteries in a somewhat different condition these numbers 
can turn out to be different. I think the major trends and 
features that we’ve seen we don’t expect to change. But the 
immediate history of the cell can influence the actual 
pressures that you’ll have here. 

(Figure 22-8) 

These are the capacities. tie started out with 
about 21. That.‘s sort of what we wound up with. This was 
over a 20-month duration, so that we haven’t seen any loss 
in capacities. This is where we missed the data from the 
computer . 

Ihe other thing to note here that’s not in the 
vugrsph is that on each one of these -- except for this one 
rz.here we don’t have the data -- after about three or four of 
cur standard cycles, which included individual cell 
reconcit ioninq, that the lowest cell was not one of the ones 
that was reversed, so that, you know, we really can’t tell a 
difference even from that point of view. 

(Figure 22-9) 

Pihat we-‘ve seen is that at rates such as C/3Oi) for 
these cells that we do have a limit to the hydrogen 
production because of the short formation, and we.‘ve had no 
problems in reversing these shorts. Upon recharge the 
shorts break. In fact they’ll even tzreak if you just open 
circuit it. 

For instance, after the 15th reversal, the latest 
one we just finished, we open circuited it for 24 hours, and 
at the end of 24 hours the lowest cell reading was 1. I4 
tolts. 

rjur tests by no means can substitute for a real 
tine life test. tjut during these 20 months we have seen no 
degradation in performance of these cells. 

Thank you. 
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I> ISCUSS ION 

SEIGER (Seiger Associates): vJhen you have a 
pressure rise rate can you compare that pressure rise to the 
theoretical current, to the theoretical rise? 

HWANG: It’s about 70 or 60 percent. 

SEIGER: Does it change any as you keep going 
along, as you age these anu go to each cycle, each reversal 
cycle? 

HAANG: iPJe can’t tell that from the first few 
reversals. What happens is toward the end there the 
pressure rise was so small that it WES really hard to come 
uo with a slooe on that. E!ut if you try to come up with the 
lineer portio;) of the curve it qets to be less. 

PICKETT (tiuahes hircrcft 1: tic?ve you tried any 
other currents othei- than the WIG0 Fnd C/Z!00 that vou’ve 
incri catc\c! there’? 

i i pi A it] C; : No, we haven’t. The C/300 is whet was 
bzin<I considerfc, and WE d io the C/l CjO to see what wou Id 
happen so we cou Id be a little bit on the conservative side. 

1’ I CKETT: You indicated that a31 the shorts were 
reversible. You never saw a case inhere you had a short that 
become permanent, is that right? 

L!fiAp,j C; : lhat’s correct. 

;+A LL ( 143 Ai{ 1 : You mentioned removing capacity. 
Exactly how was this done? I’m not 1amiliar with the term. 

i-i1iA?J6: Actually there were: some sense leacis from 
Each one of the cells. So what we did WPS just pl.lt a 
resistor across the sense leads related to each one of the 
iour selected cells. 

.L.I,LL: Thank you. 

3ADCOCK (Aerospace): Just a comment on your 
auestion, Dave. $ie also dia a stanasrd short test where we 
shorteci cells for I think 72 hours and then allowed them to 
stand open circuit. And Within 24 hcurs the voltages were 
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all above I.15 volts. 

blP;ANG: ‘They were actually above I .Id. 

LUHIE c-IXw1: Did you ever take any of these cells 
end reverse them for longer periods cf time than indicated 
to watch the pressure profile? 

I{v.Y,~.;\~C;: !\y:o ) not these. lhis was in a battery 
configuration. iYe didn’t really want to do that. Ne have 
done things like thet with individual cells, but not this 
type. 

LilRiE: Eould vou comment cn the fact that we have 
seen curves where t:le pressure peaked but then came down and 
the .slo,oe down enprcxi:i!atea tlhe slope cornino u,o? And if in 
f:+ct hre/rE: lookina at a mechanism wherein the hvdroqen 
qeneretion stons or is reduced because of shunting of the 
current, !low do you explain the down slope? 

1. i b:i A y,i i; : . . /sell, I think that one of the things is 
that if YOU tace a lcok at different cells I think you’ll 
have :li fferent slopes. I don’t know if I can come 
up witll an explanation for wny those oarticular results were 
that way. I’m not that familiar with those results. 

tii\llCOCK (Aeros pace 1 : ?\e aidn’t see that, Chuck. 
They were always pretty slow coming back down. raster bt!ith 
a s!;ort circuit or -- I won’t even know Lhether it’s short 
circuited or with current flow than cpen circuit, but they 
were considerably slower than the rate with which they rose 
et all times. 

i? I -Kr?SX.4;\l (T;:‘); 1 : I broucht e vuqraph that I’d 
like to show which is part of a presentation I gave in 1977 
rer;e.roing the effect of hydrogen drop:, hydrogen pressure 
orop while a cell is being -- while i- battery is being 
reccnditioned. so, if I mey, I’d like to shah’ it. 

(“igure 22-10) 

rf I TTET!i.iP Y: L. This was described in 1977. ile used a 
13 cell battery and we had one of the cells predischaraed, 
SO 1Yhen ‘VI? ,out a shortino resister on the one cell went into 
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reverse and we monitored pressure ant we monitored the 
overaischarge current. 

And as you can see, the hydrogen pressure hit a 
maximum and then as the overdischargc current went down the 
pressure started to drop. And there was nothing but 
hydrogen in the cell. And this demonstr&ted that the 
hydrogen recombination obviously, as Chuck pointed out, 
pressure drop cannot occur due to a short. So there was 
hydrogen recombination going on. Ant I calculated the 
hydrogen recombination current, the c’otted line that’s shown 
over there. 

And this occurrec for something like IO or I5 
seasons that we re?eateti this phenomenon. And I have other 
examples, but this is the only one I have here. 

HXANG: Just a reiteration: /Je haven’t really 
seen that phenomenon. tje’ve also done some tests with other 
cells, not necessarily tnese, where v-e have reasonably good 
evioence that in the cells that we’ve tested there is really 
internal shorting occurring. 

FiARKNESS (Crane) 2 Cine ouest ion: 

;\1e have reversed cells where our criteria was to 
discharge at the discharge rate and they were 20 ampere-hour 
cells and had two years’ life on ther, and the discharge 
rate V~F.S 16 amps, and we would want to discharge to -1.5 
volts. 

I:ow on the curves you’ve shown and the one that 
?aul Just showed we have seen bcth types of curves. But in 
each case when we would stop the discharge whenever we would 
reach our criteria we woula never ha\,e a short and the cell 
houlu come back and charge aGain. VI(:E would never have a 
hart. short. 

i 4 2.1 E! N G t ipi E 1 1 * we’ve never seen hard shorts either. 

HAHKNESS: But we have seen both types of curves, 
the one Paul showed and the one you showed. 

“VIAVG: I think that ‘ust shows that you have to 
be a littl’e’ careful about applying these data to different 
tyqe cells. 
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LUHIE (-IX\1 1: Kould you describe the neqstive 
electrode in the cells you’re testing? 

HWANG: I’m not sure I understznd. 

LURIE: Are they tef lonated? 

HWAFJG: lhey’re not teflonc)ted, they’re silver. 
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Objectives Reversal Tests 

l PERFORM ACCELERATED BATTERY TEST WITH 15 PERIODS 
OF CELL REVERSALS DURING RECONDITIONING 

l FOUR OUT OF 16 CELLS SELECTED FOR REVERSAL AND FITTED 
WITH PRESSURE TRANSDUCERS 

l BATTERY PREPARED BY STANDARD PROCEDURE BEFORE AND AFTER 
EACH REVERSAL PERIOD 

. EXAMINE NATURE AND EXTENT OF HYDROGEN GENERATION . PARTIAL REMOVAL OF CAPACITY FROM 4 SELECTED CELLS 

0 FOUR CELLS REVERSED AT C/lo0 OR C/3Lm RATE 

. DETERMINE EFFECTS OF REVERSALS ON BAl-fERY PERFORMANCE l HYDROGEN RECOMBINATION DURING OPEN CIRCUIT PERIOD 

Figure 22-1 . IMPEDANCE MEASUREMENTS ON 4 SELECTED CELLS DURING TM) 
REVERSAL PERIODS 

Figure 22-2 

Test Procedures 

l STANDARD PREPARATION PROCEDURE 

l CYCLE: Cl10 CHARGE FOR 16 HOURS 

C/700 TRICKLE CHARGE FOR 5 HOURS 

C/2 DISCHARGE UNTIL LOWEST CELL REACHED 0.9V. 

CELL RECONDITIONING (1.3fi) UNTIL ALL CELLS 125 mV 

l REPEAT CYCLES UNTIL C/2 CAPACITIES AGREE TO SO.3 Ah 

l REVERSAL PROCEDURE: 

l Cl10 CHARGE FOR 16 HOURS 

l C/700 TRICKLE CHARGE FOR 5 HOURS 

l REMOVE l-7 Ah CAPACITY FROM 4 SELECTED CELLS ONLY 

l C/2 BATTERY DISCHARGE UNTIL LOWEST CELL REACHED 0.9V 

l BATTERY RECONDITION I NG AT Cl100 OR C/300 RATE UNTIL LOWEST OF 12 
UNSELECTED CELLS REACHED 0.9V 

Figure 22-3 
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impedance of Cell 1, Reversal Cycle 15 at C / 300 Rate 

0.6 - 

I AFTER 0.2 Ah 

/ ---- 
iiF REVERSAL 

0.4 0.6 0.8 
RESISTIVE COMPONENT (ii) 

Figure 22-4 
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Figure 22-5 
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Peak Hydrogen Pressures, Cells 5,12,14 

Peak Hydrogen Pressures, Cell 1 

TEST No. 

1 

2 

3 

4 

5 

6 

7 

a 
9 

10 

11 

12 

13 

14 

15 

CURRENT PRESSURE IkPal 

Cl100 >430 

cram 1010 

Cl3Ul 1% 

c/im 263 

ClllXl 203 

Cllal 231 

cf3m 34 

Cl300 22 

Cl300 42 

cl300 21 

c/300 23 

Cl3co 48 

c/300 19 

Cllrm a9 

c13m 22 

Figure 22-6 

Capacities After Reversals 

REVERSAL No. CHARGE (Ah) DI SCHARCE IAhJ 

BEFORE 1 

8 
9 

10 

11 

12 

13 

14 

15 

25.2 21.0 

25.2 21.1 

24.4 20.7 

24.8 20.8 

25.5 21.2 

N. R. N. R. 

24.0 21.1 

26.1 21.1 

25.4 21.2 

24.9 21.3 

25.4 21.3 

25.6 . 21.4 

25.6 21.2 

25.3 21.2 

25.2 21.2 

25.2 21.3 

TEST 
lo 

2” 
3 

4 

5 
6 

a 
9 

10 

11 

12 

13 
14O 
15 

CELL 5 CELL 12 CELL 14 
PRESSURE PRESSURE PRESSURE 

(kPal IkPa) IkPsl 

>4M >I44 >140 

162 1144 a710 

178 a4 114 
45 35 42 
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Figure 22-7 

Conclusions 

. H2 PRESSURE DURING LOW RATE RECONDITIONING 
LIMITED BY INTERNAL SHORTS 

l SHORTS WERE REVERSIBLE UPON RECHARGE 

. NO SHORT TERM DEGRADATION IN BATTERY PERFORMANCE 

Figure 22-9 

Figure 22-8 
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Pi. Tasevol i 

(Figure 23-1 1 

The OAO missions startincl in the late ’60s and 
soannino over a ten-year mission life were hiqhly 
successful. The power systems for Okg-ti and OACI-C performed 
flawlessly, ana were deactivated after more than five and 
eight years of mission life. 

The end-of-mission power subsystem tests on the 
battery and the solar erray providec a real-time \dearndation 
analysis for those two coTponent5. 

In addition to the array ar-d tile batterv, analvsis 

of the power regulator unit as a maximu;n power tracker #ifas 
also performed in order to qain SOrile unders%anJino of a peal: 
power tracker operation in a de?radec power :5vstehi. 

tecause of the time limitation, I’d like tG limit 
IT!V discussion to the battery tests that were performed. 

(Fiqure 23-2 1 

Ihis is a simplifies bloc!: oiac;ram of tt)e i]Ai; 
power system. It consists of 2 main array r’ee;-linq j3ower to 
a power regulator unit which conaiticns the array power to 
1 imit both the recharge and the overcharge in t.ne .zdtteries. 
In Euxiliary array feeds power directly to tne loa;1s 
throuoh the unrec!rIlated Inr~s. 

In aMi tion tllere are three nickel-cadmirml 
batteries, 20 xl7p-hou rs, which are crerntec in parallel. 

(i-iolure 23-3 1 

In on? ‘/{or-d, the battery performance on bot.h these 
missions was excel lent. 

For ON-C, wlhich was recently deactivated af-ter 
approximately I X i107th.s of orSi t ant ~~t-so!:i~-o~(.:-tho1Js;Incl 
orbits, the batter-v vol-t.?oe levels blew-2 varied b?twoen 1 t.o 
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2 during normal oDeration, and 3 and 4 for the cese of low 
soler power. 

The depth of discharge wes typically 15 to 17 
r;ercent, with a peak of approximately 20 percent depth of 
oischarge per battery. 

lhe average temperature ever the entire life was 
cp,croximately IO decrees C, 

The percent recharge was ncrmelly between 103 and 
I05 percent. 

The resolution for both the current and the 
volt e.oe shar ino was we31 within the telemetry limits. 
-1 h 2 currents cjur- inq the rnicsion real!.v varied no more 
than .l nrllp ner battery, and battery divergence was 
LetP..fen IO and I5 millivolts. 

‘K?e OA@ Fo’ti,er system did have an undervoltaoe 
trip. For the first six months it wi:s set at 26.4 volts and 
h’as ref;ucec in step.5 Aown to 23.3, and for a time the power 
syste,m operated without any undervoltaqe limits. 

(Ficure 23-4 1 

2his table details the design summarv for the 
LIAO-C batteries. The cells were 20 amp-hour ceJls 
it.anufactured by Gulton. Each batter) was 22 series cells, 
three batteries per spacecraft. 

‘I‘ ne .Lr batteries were assembled ezsentiallv in two 
packs an1-1 installed in separate thermal bays. The design 
opereting life of the battery was one year in 10~ earth 
crcit ant somewhere between I5 and 2G ,percent tIO;3. 

lhe temperatures remainec Between 5 and IO degrees 
ki tl? an overprotection cutoff of 35 degrees. 

lhe charce contrcl utilized in both missions was 
En eight comnanazble voltzoe compensated -- commandable 
JeveIs, ano as 1 mentioned before, the charging was in 
parElle1. 

(Fiocrre 23-5 1 
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This is a quick summary of the cell features for 
this mission. Again, the cell manufacturer was Gulton. The 
nominal cell capacity was 20 amp-hours. A Mellon separator 
2505 was used. Electrolyte, 31 percent’ KOH to an amount of 
66 C.C.‘S* 

The precharge was established using the oxygen 
vent method and a typical value for precharge was 4.6 
ampere-hours. 

Tne following is a list of plate design features, 
and I would just hiohliqht the fact that the plate 
thickness for this cell is thicker than the thickness 
that we’re presently usino on a stanoard GE cell. 

(Figure 23-6 1 

‘lhe battery tests were the last tests to be 
perforrned of all the subsystem tests that were done. The 
purpose of the test was to determine the end of mission 
cap&city on all three batteries. 

lhe r!lethoti used was to orientate the spacecraft in 
Such a manner ES to discharge the battery through the entire 
Sunlioht portion. 

?\‘e started off here with a fully charged bettsry. 
The first 35 minutes is the discharge profile during a 
normal eclipse period. 

i-allowing the eclipse, the batteries were 
cischarginy at approximately I .5 amps for the entire sunlit 
portion. 

Coming out, of the sunlight, the batteries 
oischarcleo at the ncrrncl spacecraft ioaos at eclipse. 

(Fioure 23-7 I 

The sstteries were allowed to charpe up for 
enproximately 4b hours, and the same test was oerformed, 
t;>is time with additional loads enu r*ith a different 
Soocecraft orientation. 

You can See the profile is suite similar. The 
volteqe profile showS the voltaces for all three batteri) 
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are well within telemetry resolution. 

'Ihe current is peaking close to about seven amps 
during the eclipse period, and approximately two amps durinq 
the sunlight period. 

Of particular note here, toward the end of this 
test, even with relatively steady battery discharge current, 
there seems to be a small plateau here approximately less 
than 23 volts where the voltage seems to have flattened off. 

(Fiqure 23-H ) 

Nhat I attempted to do here was to compare the two 
profiles as a function of the discharqe ampere-hours. And, 
in comparison, I've used some test results that were 
periorned on some flight ~~31s from the UACI program. 

There were two such packs. Pack 4-C. which I’m 
showing here, were cells from a preproduction lot. Pack 
4-D, not shown here, are ~~31s from the actual flight lot. 
Pack 4-5 cycled for over 22,WO cvcl~s with no cell 
failures. ijere Pac!c 4-C \e!t:nt in excess of 33,000 with no 
cell failures prior to discontinuing. 

You’ll notice the first test results plotted as a 
function of discharqe ampere-hours here, ana the results of 
the secono discharge test. 

lhese were the only tests that were scheauleo on 
the battery. 

(Fiaure 23-3 1 

One of the main conclusions that came out of these 
two missions was the feasibility of coeretino hioh capacitv 
nickel-cadmium batteries in parallel. In acidition, some 
confirmation as to a second voltaoe plateau at anproximatelv 
1.03 volts per cell. 

The deqradation that was seen on this mission was 
in close aGreeTent with the life cycle simulations -- t!>e 
life cycle simulations forming an accurate data base for 
mathematical modeling of cell lifetime. 

2-h last point which is still argued is that limited 
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preflight testing of flight batteries during spacecraft 
inteqration contributed to the tfoubfe’free perfdrmance of 
the OAO batteries. 

Thank you. 
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ORBITIHG ASTRONOMICAL OBSERVATORY (OAO-C) 
END-OF-MISSION 

POWER SUBSYSTEM EVALUATION 

o DETERMINE SOLAR ARRAY AND BATTERY 
DEGRADATION 

0 DETERMINE THE PERFORMANCE CH4RACTERISTICS 
OF THE MAXIMUII ARRAY POWER TRACKER 

Figure 23-1 
OAO-C FoWER SUBSYSTEM BLOCK DIAGRAM 

+2Sv 
AUX 

ARRAY T . UNREG 
BUS 

MAIN 
ARRAY 

shunt 

r-I 
ILLI. 

3 NiCd BATTERIES 

F T- 5 

Figure 23-2 

SURI!ARY OF OAO-C BATTERY PERFORMANCE 

OPERATI'IG LIFE FEBRUARY 1331 190 MWTHS, 44,599 WITS 

BVLS LEVELS USED 

TYPICAL DISCHARGE CAPACITY 

BATTERY TEilPERAT~lRi 

RECHARGE RATIO 

BATTERY CURRENT SHARI:JG 

B!JS UNDERVOLTAGE SETTING 

ixIORMAL OPERATIO!! - 1 OR 3 
LOri ARRAY POb!ER - 3 OR 4- 

2,8 TO 3.2 AH PER BATTERY 
4 3 All PEAK PER WATTERY .I 

AVERAGE OF 111 C 

TYPICALLY - ].?5X 
WINIW - 103X 
!IITHIN RESOLUTION OF TELEI,lETRY 

FIRST SIX I?ONTl!S - 25.4 VOLTS 
INCREllENTALLY REDI'CE'I TO 2383 VOLTS 

Figure 23-3 
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!!AO-C CATTERY UESIGF! SUWARY IIM I-FI I nFg168 

. 20 AU tIICKEL-CAWlIUA CELLS (GULTO:I) 

. 22 SERIES CWiECTED CELLS PER BATTERY 

. THREE BATTEZIES PER SPACECRAFT 

- TtIO MECHANICAL RSSErlBLIES 
- EACH ASSABLY COIiTAIES 11 CELLS OF EACH BAllERY 
- BOTU ASSWBLIES LOCATED IN ISOLATED THERltAL BAY 

. OPERATIIIG DESIGN LIFE 1 YEAR (t:EoR EARTtl) 
15 TO 20 PERCE#T DOD 

. TEIIPEMTURE 5 TO 10 C R4NGE 
35 C THERNOSTATS 

. CHRRGE CGNTROL 

. UIIDERVOLTAGE 25.1' VOLTS 1.2 VOLTS/CELL 

. SPACECVFT LAUlCHED AUGUST 1972 

Figure 23-4 

26 . 

25 - 

24 - 

CELL M~IJFACTURER: GULTON 

CELL CAP4CITY: 20AH NOHINAL 
SEPARATOR: PELLON 2505 

ELECTROLYTE: 31% KOH 6GCC 
PRbCHARGE: 02 VENT, 4.6AH 

lI!!uix 
NUMBER 9 

AREA 0.91 ml* 
THICKNESS 0.0345 IN 

POROSITY '1607% 

PLATE LIlADltlG 1601 GRh 
CAPACITY/AREA 4.12 AH/m2 

FLOODED CAPACITY 27.7 AH 

*CAPACITY MEASURED TO -1,OV 

Figure 23-5 

DISCHARtE TIME IN MINUTES 

NEGATIVE 
10 

0.91 rJn2 
0.0309 IN 

66.5% 

160% GR/DH2 
4.20 AH/DH~ 

39.8 AH' 

Figure 23-6 
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MD-3 Battery Capacity Djschw9e Test 2 

OISCHARCE TIME IN HINUTES 

Figure 23-7 

OAO-3 Battery and Crane Olschaqe Comparisons Pack 4c Cell S/N 559 152 DOD 10.C 

l..fLl~ 

-- 
‘\ ‘- OAC-c t..t 1 
L- 

L O,Cl. 3,166 
0.e~ tk i 3 

ID 12 14 16 18 20 22 zr$-y% 

DISCfURCE AMPERE-HOURS 

CONCLUSIONS OF OAO-C EOM BATTERY DISCHARGE TEST 

o CONFIRMED EXISTENCE OF SECOND VOLTAGE PLATEAU AT 
APPROXIM4TELY la03 VOLTS PER CELL. 

o DEGRADED VOLTAGE CHARACTERISTICS ARE IN CLOSE 
AGREEMENT HITH LIFE CYCLE SIMULATIONS, 

.o LIFE.CYCLE SIMULATIONS FORM AN ACCURATE DATA BASE 
FOR M@iTHEMATICAL MODELING OF CELL LIFETIME. 

0 LIMITED PRE-FLIGHT TESTING OF FLIGHT BATTERIES 
DURING SPACECRAFT INTEGRATION CONTRIBUTED TO TROUBLE- 
FREE BATTERY PERFORK4NCE, 

Figure 23-8 

Figure 23-9 
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DSCS I II LIFE ‘TEST Pll!lGtiES~ REPOliT 

H. Thierf elaer 

GE 

The General Electric Space Systems Division of 
Valley Forge is the prime contractor for the Defense 
katellite Communication System, and Fe hzve designed and 
hililt the power system for this, and we have a life test 
<:oinc;. 

The DSCS III power system is an approximately 
l,OOi) watt system. It’s a direct enerqy trensfer system 
kdittl a rec;uleted bus. The bus is 2a volts, plus or minus 
cne percent. 

T!?e battery system is %t?ree batteries that are 
Charcjec: inJependently off the %b volt. bus en5 discharqed 
t’lrouc;5 di ozes , throxch redcndant bocst reoulators back into 
the Iii;.. volt brr5. 

I’h 2 :.;o’.J9r- system is verv, Lery similar to the 
p 0 w e r svstem which we desic!ned and i=uilt for the Japanese 
‘drcr?dcas t sate 11 it? which has been in orbit for over three 
years, End als3 it is very, very similar to ,the GPS block I 
TJOWer S~~St?l!l, ant: also to the G?S 3lock 2 oower subsystem. 

‘l‘ne proqrarrt started in 1976, and in 1977 we 
presentEd a little report on the liqktweiqht cell Nhich we 
usec; in the c(atteries, 35 arapere-hour, nickel-cadmium cells, 
CE-aesiqned. 

Last year 1 pr asented a little report on the life 
test. Last year we ha0 ?ccomplisheu two eclipse periods. 
lhis year we have acco:!l(?lished six eclipse periods, so I 
iust want to qive you en upuate. 

One of the other tnincs thet you’ll find probably 
cf interest is that we do reconcitior,inQ until the cells 
reverse, c7nd you’ll see this as I co along. 

(Figure 24-1 > 

1his is a photograph of a CSCS III flight 
rjsttery. It is not the battery that is on the fliqht test, 
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but electrically it’s identical. On the life test we do not 
have the heaters and we 010 not have the fancy side plates 
and erio plates. 

One point of interest here may be that the large 
holes that you’ might notice in the mcuntinq 11~ys are due to 
the feet that the battery in the spacecraft is thermally 
isolated. The battery is thermally isolated from the 
sgacecraft and thermal oushinqs are rut in there to 
accomplish this. 

(Fiaure 24-2 1 

I shoiged this in 19-17. lhis is one of the cells, 
F! 55-ampere-hour c;! Il. clnd the csll js encased in an 
al~lii;.inurli rcteiner. ltiis cell is being llseci not onlv now for 1 .,-‘-I 
~1.2 I,; i>!J ‘t f Or t ~7 0 I-:rS ulocc 2 program. 

(Fiaure 24-3 1 

Just a little more detail c,n the cell itself. W e 
i-;.3vc till? st3in Less steel case, the a3uminum retainer, and 
tilen the combination of zlur;linum retainer and the stainless 
steel cell cas;j into which the cell itself was put. 

(Fiaure 24-4 I 

Now qettinc down to the 1iIe test itself, as 1 
mentioned we.‘ve acconplishec six ecljpse perioas, and this 
is a summary chart lust maae up of the overall results. lhe 
temperature that we’re maintaining is 10 degrees Centigrade, 
End cn chercle, the battery temperature will oo down to about 
7 cecrees. In fact, in the spacecraft, it will maintain 
2 sou t 7 degrees with the heaters, ant-; on discharge it will 
r;eak up to about 13 degrees or thereabouts. 

The nini:llum discharge volteqe which occlJrs at Day 
&umber- 29 of the eclipse periou is plotted here, and you SF@ 
it coins: uo ana c1own because the odd-number eclipse periods 
are a little cliff erent than the even-number eclipse 
periods. i’tle ctlc’ numbers have a deeper der,t!l of discharae, 
znd YO~J’ 11 see th:jt on the? next slioe-. 

%ut the main noint here of course is that there is 
no dc,qrk?dation at least in the six ecliose Deriods of three 
years in the end of discharge voltage. 
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In this power system we hate a voltage-limited 
charce control: thaL is, the batteries will charqe up-to an 
average cell voltage which, at IO decrees, I believe is 
I .42 volts oer cell, and then the current will taper down. And 
these are the end-of-charqe currents. And the currents are 
nuit e low. At 300 millivolts we’re town below a C/l00 
rate. So we’re in that range where you’re actually below 300 
millivolts on the end-of-charge current. 

Now if the charge current hould become too low 
we can select a higher voltage limit. lhis is now on what 
we call Voltage Limit Number 2 in our system, which is the 
normal charge voltaoe for the battery. 

(Figure 24-5 1 

;Jhat I :iave aone, I’ve brought the data for the 
last two eclipse oeriods, Eclipse Periods 5 and 0, and I 
tlloucht maybe 1 could show tnem at the same time. 

(Fiq!Jre 24-6 > 

lhe cata is pretty much the same and I think I’ll 
Just run over it on one of them. 

At the top we have the temperature and again, the 
low temperatures are the temperatures at ena of charge, or 
clurinc charge, and the higher temperatures are during 
cischarqe, and they are above and below the IO degrees 
Centiqra3e. 

lhe volta+?e limit, as 1 mentioned, is fixed by 
the test equipment at about I .43 volts per cell. This is 
the averace cell voltace at which we limit. 

NOW the current of course lfumps around somewhat 
but is in thzt region between the 200 and 400 rnils, the same 
as we see on the other chart. 

Sow riaybe of oreatest interest is the end of 
aisc;rlaroe average cell voltaoe at the bottom. Now I’ll have 
to explain a little bit that we break up the 45-day eclipse 
periods into five aifferent proorams. Each eclipse is a 
24-hour period. This is a synchronous orbit system, so for 
the first eight days of the 45 days, we have a 40-minute 
ci scheroe, 3 40 minute eclipse, and b.e’re removing in the 
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oda-number eclipse periods 34 percent depth of discharae. 

1he depth of discharge is based on the 35 
ampere-hour, the rated capscity. 

Eurinc! the next eight days we aischaraed for 60 
minutes, or 54 percent, and then for 13 days it was at the 
maxi ITiU.2-I ( a 72-minljte eclipse at 62 percent depth of 
aischarqe. And then of course it ~OFS bzck down again. 

how the enc of discharye vcltace is at its lowest 
\vhen you get to that ZYth cay. ‘i‘h i s is ‘clipse Period 5, 
znc: if you look at the other, you c~:et ?xC-ctly the same 
profile on each of these measured parameters. 

(Figure 24--1 1 

Line of the thinr!s that I t!.ink is of Greatest 
interest is the reconaitioninq after each eclipse period. 

The two Zischarce rates that b;Frre,n iiwancl 
r;,entioned on his studies at. i\erosnFcc I t.hini: !:jrrobaolv come 
frool our orocrami that is, when we rCconc!ition the battorv 
End there’s a resis’ier across the entire battery, the 
16-cell batterv, this,rcsister is siie:ct ,so t+at w!len the 
battery is fully charqed, tne Battery will aischnrce at 
about the 1 W-hour r?t e. And the current her? is SbOrJ t 

tklat. It’s CJbOl; t 3 /+if sils, so it’s i: p~)rcximately tne 
1 i)ti-llour rate, 2nd the currpnt is here. 

3f coIJr:;e the ilqtterv voltene is u!3 ilere. 
(Incicntir.0.) a _ 

f?e also have pressure beinc recorded. Actually 
four of the 16 cells in the battery are equipped with both 
pressure gauges, which we nave to read manually, and also 
cressure transducers. r’ressure transducers are read out on 
tne test equipment. 

iuhat we have plotted here is the highest of the 
pressure transducer reauinqs, so there’s not very much 
chancre in the pressures. lhey are in pouncis per square 
inch, absolute. They’re start inq here at 30-some-oau 
pounds, and actually are going down during the discnarge 
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because just previous to this the bat.tery had been charqed ‘> 
up. And then levels off. 

‘The aUtOrnstiC safety feature that we have built 
into the system, which is in the spacecraft as well as in 
our test program, is that when the hEttery voltage drops to 
I3 volts during t?is reconcitioninq cischarge, an additional 
resister is switched into the line and there’s a step 
function here where the discharge current will then dro? 
fror,l this approxinately C/i(JO rate tc approximately a C/300 
rate. 

53 this is this oiq urop town on the currrent. 

i;e have annotatea on here vhere the first cell has 
reversed out here. and the first ccl1 has reversed after we 
0rorDed tc: the C/3W rate. 

i;iOw the current of course continlles to drop clown 
c.s the battery voltzqe drops down. 

‘;‘he criterion that we’ve u.cea for the end of 
rncondjt ioninq is when the b2ttery vclt~oe reaches one 
vc31t. You see of tours? tnat the current, has oretty well 
5ti-7bilizefij in that c?rec?. lt-12 vol taqe has stnbi 1 i zerj. -1 he 
I:rezsl.lre hc:s staLi li zea. 

.‘d 0 ‘A this is aporoximatcly F ten-day periou. 

Tl:!? crt!lF3r Fraph over here is very, very similar. 
7 !I i s w z I; Oil i!cliose Teriod :i. dy ttie way, it’s eclipse 
P?rioc 5 but this is the ninth reconuitioninq cycle on this 
kattery. Ihe other was the eighth. They have done it I5 
t i ine s at Aerospace. $(e lhave only done it so far nine times, 
Lut tl;is test of course is scneuulea to run for LO eclipse 
F,2riods. So I hone in lcid4 i will rtport that the 2~ 
eclipse periods are finishec. 

The capacity we found on crischarGe out to 18 volts 
cn the sixth eclipse perioo was 38 anlpere-hours, not very 
iIlUCh difference on the fiftn. It wa-c 3-i ampere-hours. lhere 
is nc siqnificant cifference there. 

(Figure 24-L 1 

Une other set of curves tl-:at I have here is the 
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oate from Day 29, or in this case it was Day Lo. homething 
happened to the computer data from Day 29 of the fifth, and 
1 have it for the sixth eclipse period. 

These are 72-minute eclipse periods but we’ve 
broken the 72 minlltes doV!n into 2 6CJ-minute period and a 
12-minute period. Gn the oud number, like Eclipse Perioa 5, 
which is more severe than the even numoers, we first have 2 
i2-minute discI)arqe at 16. 1 amps, End then he follow that 
continuously richt uq with a ho-minute discharge at the 
horst-case conaitions when 511 the lcscls are on, ana the 
current is 1 k.4 amps. 

L,nd w2 ha-de here of ccurse the voltage, 
ternperzture, cr.!rr?nt, enA p-essure. 

2ne mint ~,i interest I ~JFSS is that in this 
charcc; control system we have we have a very low overcharqe 
or C-tc-2 riit, ir:. In this case Ne’ve taken o!Jt a total of 
;? 1 . 5 2 3 -1.1 9 e I- 2 - 1.; fir J r 5 . 

?‘!:en on the recharce we’ve put in 25.31 
E.‘.I ce r e -!-I~!J r-s , cr a C-to-l) ratio of only 1.&J. This is a 
\ ?Ty JCL: ::-t-0-r < J ratio f’or 2ny batteries that are in 

c: 5: I I (3 ! i r r, 7 0 ii s 0 r 1; i t . A,nc of course the reason for tn6t is tne 
tz;;er cllnrl;e c~f tne current where tney first have the 
car;.‘; tont currer,t period of charge, and then it tapers off 
E1‘1.1: w 2 ’ r f winding up do,wn at a charge current oelow the 
IW- :;our rate. 

h 0 z i :3 , Ccliuse Periou 6 is leery similar ,tihere we 
h3ve 3 css SC! ~7tp-1 of oi scharr?e. 30th periods are 16.1 
~7~3~ r-e-,hou r-s . Still it was run in tvo separate seq!lents, 
E.nl::; t!;f final cr;rrent aGain is ‘selcri the il.N-hour rate, enu 
i;tle c-to- D rEti ~2s 1 .i5. 

Ihat’s the status of kghere we sre. 

I have one other ‘Jurlrg?h bjcrer which sim,?ly shows 
the 6; t2. All the cat? is out on mecnetic tane anr-i then we 
c9rj txt it into c^ ccr:nLlter ;3ror:rem ?r-d heve the curves 
!YjlGtteG Oat,. At tllc! s ii.!!? tir:ie wt’ halo rJi?itel ilatE? 

c-lJ;:il!~~-ri %cc: in E iom such ES this. 
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(Figure 24-l I 1 

lhis is a CO-minute discharge and each one of the 
cells is read out, the average cell voltege, ano tne current 
and the accumulated ampere-hours, and the temperatures, and 
t’ne averaoe pressure. i-iere we have two pressure transducers 
readings, and the average of the tk:o. Pit-:at we plotted out 
in the plots was thz highest pressure reading. 

u6rfm ( .iCA 1 : !iow do these data compare with the 
real flight data? 

1ijIE;j*E[,YE[f: ,?F! do not hale any DSCS batteries in 
flight. Some year now we hope we wi Jl. 

C‘A S?‘dj.J : 1 wasn’t aware of that. 

1’1 IE<FELUE~~: . . ihe program has been slightly 
oelayed as far es t&he fliahts go. 
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Figure 24-1 Figure 24-2 

Figure 24-3 

Figure 24-5 

Figure 24-4 
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Figure 24-6 
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SMM PARALLEL bATTERY OPEkATION IN ClktiI-r 

R. sroderick 

GS FC 

I'd like to talk to you this afternoon about the 
SMM parallel battery operation. 

We are presently just about to complete our second 
year in orbit, operating around the 9600 orbit. 

(Figure 25-1 I 

Some preliminary information on the mission: As I 
said, the batteries were integrated-well, maybe I didn't say 
that, but the batteries were integrated about two years ago. 
We actually launched in February of 1980. 

We are in a near-earth orbit and we're seeing sun 
times between 61 and 68 minutes. We initially had a two-year 
design with a four-year requirement or rather "desirement." 
Since that time there has been some consideration given to a 
refurbishment of the SMM spacecraft in the last quarter of 
FY 83, in which case we could extend out to about a five-year 
requirement. 

(Slide. Not available) 

‘This is a picture Guring the intec:lrat ion, shoxini? 
tne macular power spacecraft. This is tile rnotA.~ 1 ar power 
system here. (Indicating.) 

(Slide. Not available) 

This is an artist’s COnCepCiOn in space. 

(Figure 25-2 1 

It is a parallel oattery charge confiouration verv 
similar to the Ok;3 configuration VOLJ Just saw, a parall.el 
battery charging through a peak power tracking series 
regulator. 
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lhert- are three GE batteriE:s, 20 ampere-hours, 22 
cells per battery. The moaular power system makes up the 
majority of this system, which was manufactured by 
&cLIonnell-2ouqla.s. 

(Piqure 25-3 > 

I’d like to describe to you some of the battery 
system performance es a function of lifetime over the orbit. 

'This is times 19 K. he/r-e up to abcut 9600 orbits. 

‘This to=, one shows the end 0.f charge voltaae which 
is ‘ust our voltage limit. 
vo11;aqe level 4, 

Presently we’re zt standard 
which is about 1 .436 volts per cell. 

de made a corlple of voltage level changes 
throughout the mission. ?ie recently went back to a voltage 
level 4, c?:-~d I’ll get into that a little more. i7e0re 
r:.resently at about an average 1.2 volts per cell. Initially 
k/ a ‘iq e r 2 at about I .24, so we have seen about 40 millivolts 
LeQr~(~ztion o>Jer the two-year mission so far, in end of 
discharqe volteqe. 

lhis S?IO!VS the tiepth of ciccharge again as a 
function of orLit time out to about 9600 orbits. Initially 
v. 2 ~.tirf r’lnnin~ about 16 to 12 perc;;nt aLX1. 

;‘iC suffered a loss in our Pttituue contrci system 
wi>ere we essentislly lost our momentum wheel control and we 
are into a magnetic control at this time. iJecause of that 
fact around cr5it 4,OW we had to turn off ai.>out four of the 
seven instruments because pointinq accuracy was no longer 
iccurste for useff-fl science. So o[lr- depth of discharge is 
cecreosed aown to the 12 tc 14 percert r?nqe. 

lhis sholvs an average C-to-D ratio of the three 
batteries over the mission life%ime. Initially we were at 
voltace level 4. ;ie di3n’t feel that we were adequately 
-rechzr~:lno. Pie went to voltage level 5. tiecause of the 
prot;lei; I iust described and other reasons nhich 1’11 talk 
etxu t * Ne’ve gone back to voltace lake1 4 to try to improve 
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the C-to-D to get us down more in-- It looks like we’re in 
an average of about 113 percent where we were upwards of 120 
percent ant during peak sun time seeing charges of upwards 
of 130 percent. 

(Figure 25-6 1 

Vie do have a battery differential voltage 
comparator on the spacecraft which lcoks at the voltage 
between the top Ii cells and the bottom II cells, and gives 
us a telemetry point on that. Essentially we have two 
curves here. This is the oifference which YOI.J see during 
the charge period and the difference during the discharoe 
period. &!hat we’re iookina for here are abnormal deviations 
-- I’;e hope that’s not one -- which will show cell 
oiveroence and possibly result in cell failure. 

Dne little line here looks like our last telemetry 
point took a little dive. ?le’ll keep an eye on that, but so 
far WE haven’t seen anythino which we interpret at this 
point as a cell divergence. :Ve’re in the range of about 50 
millivolts between the top pack, the top 1 I cells and the 
bottom 11 cells. 

(Figure 25-7 1 

Now 1’11 describe to you a typical orbit 
performance. r’/e’re presently out around 9hW orbits. This 
particular orbit is 9.255. ILe’re looking at bus voltage 
through a ciischarge cycle, charge anc voltage liIr!it. 

The battery current, uurinc; discharge, is seeinq a 
little current divercence between thcl three packs. I’11 talk 
a little bit more about that. An inrush through the peak 
oower tracker of upwards of C rate, ii) amps qer battery. 

!Ve reach voltage limit very quickly oecause of the 
low DO3 here and the essentially oversized array. In about 
three illinUteS we becin our taper. FVE taper down to about .4 
c.3 f3 * 2 slight divercencc in the charge current. This is all 
three batteries plotted on top of each other. And then back 
into tile oiscllarqe. 

This curve is the total 1oe.d current variance. 

(Figrlre 25-5 1 
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A typical orbit battery temperature variation over 
an orbit period. Battery Number 3 is the center battery. 
Presently it appears to be running between about two to four 
degrees C. 

Similarly we’re seeing about a two-degree swing on 
batteries I and 2, Battery 2 being the coldest, down around 
minus one degree C. 

This is the end of discharge point in the orbit. 
(Indicating.1 

I’m going to go back a little on one orbit to show 
c comparison between a one-year, third electrode over an 
orbit period, and then the next slide will show the present 
one. 

(Figure 25-O 1 

From this curve this is the first minute of sun. 
It’s not really an overcharge, it’s ‘Lust the generation is 
exceeainq the recombination at this point. liz(e kind of reach 
an eauilibrium toward the end of the orbit. 

But on battery Number 3 it appeared that we were 
starting generation, oxygen generaticn to exceed 
recombination about mid-orbit, which we tended to think that 
vie were reaching a full state of charge, at least on battery 
13 -9 fairly early in orbit. It’s one cf the reasons that we 
oia change. The difference between the charge period is 
E. b 0 li t X millivclts at this time. 

(figure 25-10 1 

Since we’ve made the change and are now out around 
$200 orbits, we’ve brought that in. It’s a lot closer. 
Ke’re only about 12 millivolts across Battery 1 to 2, and 
we’re no longer seeing that oxygen generation mid-orbit. 

(Figure 25-11 1 

This chart summarizes essentially what I’ve been 
saying, where we’re looking at an orbit before we made a 
voltage level change, and then the current orbit. 

You see the beginning of eclipse current, the en 
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of eclipse current, the end of charge current, and the 
beginning of eclipse temperature, and the end of eclipse 
temperature. G’eally, this end of eclipse current is the one 
that we were beginning to become concerned about in that we 
were seeing about a 1.2 amp divergence between the three 
batteries. 

After making the change we did improve that 
somewhat, .4 ampI which turns out to be one LSB on the 
telemetry, but it still looks like we did improve it. The 
negative indicates that we did improle all of them except 
the beginning of eclipse divergence which again is I LSd, 
possibly not large enough to be significant. But this 
improvement we were happy with. 

It appears that the end of eclipse current 
divergence is down in the .E3 amp renqe. 

(Figure 25-12 1 

This curve cornpares a couple of discharge 
curves, one, the conditioning cycle prior to intedraticn, 
an in-module conditioning which w? uic! right at the launch 
site, and a couple of in-flight condjtioninqs which we 
didn’t really plan on when we lost c:Lr attitude control Tnci 
aischarged the batteries down to about CJCj ;)F:rcent cf their 
capacity. 

There are a couple of orbits in here. They ere 
kind of hard to nick off of here, but this one here is 
actuaJly that C/3, Orbit 400. Anj this one here is the C/S, 
9255. So it appears that somehow we#ve actuallv got a 
little bit of voltage recoverv due to our lower depth of 
discharge and the cycling reaine that we’re now in. 

Essentially that’s what I v%anted to present. It 
aopears that after 21 months the oarellc3 c!-.-?r?ing method 
has been effective. There are no indications of any 
ebnormal performance that we’ve been able to detect. 

iJLGE,<T (Ba! 1 Aerospace 1: i.11 yoiJr d.?t2 indicated 
that the performance ‘tias superior with yorlr Charge Level 4 
end yet someplace in the mission voc did make the Tjscision 
to co to 5. Apparently you were concerned t;lat you werenOt 
fully charging the batteries. 
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but at a low level of discharge, why would yolk 
care 2 ;4hy not normally run them at 95 percent discharge. 
for example? 

%RODEF?ICK~ F?un them at less than f[~Jl recharrle? 

OL bEflT: That’s correct. 

6;IODEiiICK: I guess because we would continue to 
run down over a period of time. 

;ie were concernea early in the mission when we 
still had a full complement of instrunents that we weren’t 
getting recharged. Our C-to-D ratio is--- v:je essentially 
have 6 software routine in the r_)bC tcr sendinrc down 
ampere-hours out ant an,?ere-hoL!rz in. 

illJr current sensors are pits or minus one perzen-t 
over a hundred amp range, 2 nd t he IT! e t hod we c ho s e to 
imp1 ement was \lsinr th2 cozrse currert sensor i?s wh?t WC 
woulo rrloni tor. 

As a result, when we c-et cciqn into our tr7mner 
range when we’re dovin .4 am,o l!:eire sfn.sincr it With t.hi.5 clus 

or minus one percent sensor, and cur 2cc[Irzcy, we feel, Wz.5 
not that great. (1e felt that we ivere six to eight nercrnt 
high on the C-to-D readinq. 

At Voltage Level 4 we/r? net clettincl any third 

electrode indication that we zre !:inc of rsachinrr that full 
state of charge at the end of the art-it, nnd we weren’t 
seeing any temperature effect at the end of chzrce. 

So that’s whet mede us qo to t!-le VoltaS Lev51 5. 
After looking at it for a year and a half, !‘I? decijrd 
that the 130 percent was definitely too high, and because 
our DOD had gone down, %hat’s why we went back. 

It appears that ideally we would eitcler hav? a 
Level G-l./2 or we would routinely, or.ce F week, m2ke volt.qge 
level changes to optimize it. It c?cesn’t apo2ar that one 
level is going to be iceal over a mission. 

HALPEA? (Goddard 1: I do want to ad? one thing to 
your talk. 
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The NASA standard 20 ampere-hour cells and the 
KASA standard 20 ampere-hour batteries which were selected, 
66 cells, three &-cell batteries were selected from 75 for 
this particular operation, and they have worked very, very 
weJ2, and are one. of the reasons why the power system is 
working very weJ1. 

HALL (K0P.A 1 : If you have e problem with the 
resolution of your current census, frequently an indication 
that you’re fully charqina your batteries each cycl-l, is %o 
monitor the end-of-discharge battery terminal voltnqe, and 
if it stays ,at the level or increases, then you’re doing the 
‘Job. 

If it starts tiecreasinci moriotorr:ical ly with 

successive dischi?rqe cycles, then yor”ve cot F! !?roblem with 
C-to-;). 

bROIlI ICK: We were looking ac th;Jt. It 7 rpearnd 
w? would qet a 200 millivolt drop which was .our telemetry 
resolWion, so wo :Jzre [Incertain whether that. :‘Jas on 
indication of the voltnoe level chants or n res!.!lt: of 5 
C-to-D type chanea. 

F3;23 ( Gotid erd 1 : I’d just like to respond to that 
comment. 

In my experience, one of tte :3corest indicators of 
the state of charcle of the battery is the discharae 
voltace. It doesn’t tell you a hell of F lot aborlt the 
health an0 iyelfar? s’ imply bec$?use the doui-.le plateau effect 
c 0 ill e s in very early during the cycle lilt. 
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INTEGRATION DATE- II-73 
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Figure 25-8 

Figure 25-9 
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Figure 25-10 

EFFECT OF CHANGE V/L 5 TO V/L 4 

ORBIT 7775 

BTRY lboe leoe leoc Tboe Teoc 

I -4.0 -5.6 0.50 3.0 3.5 

2 -4.0 -5.6 0.52 2.2 2.9 
3 -4.4 -4.4 0.59 6.0 6.4 

LYFF 0.4 1.2 .09 3.8 3.5 

ORBIT 9254 

1 -4.0 -6.0 0.38 0.8 0.7 

2 -4.0 -6.0 0.38 -0.8 0.1 
3 -4.4 -5:Z 0.39 2.6 3.2 

DlFF 0.4 0.8 0.01 3.5 3.1 

DELTA --- -0.4 -0.08 -0.4 -0.4 

Figure 25-11 

Figure 25-12 
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RCA SATCOL! IN-OHaIT EXPERIENCE: AN UPDATE 

D. Stewart 

RCA 

Good afternoon. I’d like to present a brief 
update on RCA SATCOL4 battery performance. de’ve been in 
orbit for about six years, and I feel it’s important to 
present data at this time because the fifth and sixth years 
have been critical for other geosynchronous snace programs. 
Some people even told us a couple of Years aoo that we’d be 
lucky to oet five or six years out of our batteries. 

before I oo into the data, however. I’d like to 
briefly describe the SATCOM history and some of the desian 
details. 

(Fiaure 26-l 1 

SATCLlMs 1 and II are domestic communications 
Satellites in geosynchronous Orbit. They are identical 
except that SATCOM II was launched three months later than 
SATCOM I . SATCOM I was launched in December of 1975, which 
means that it has seen 12 eclipse setsons or almost six 
years in orbit. 

SAlCijX I I was launched in barch of ‘76 and has 
seen eleven eclipse seasons and is about five ant 
three-ouarters years old. 

There are three oetteries on eEch spacecraft. 
Each of these is required to s!rpnort the mission. They’re 
connected to an unreoulateo bus with redunoant diodes. 
There are 22 cells per bettery; they are 12 ampere-hour 
NiCds. They are GE cells rated, at 12 ampere-hours. 
They had an initial measared capacity of 14 ampere-hours 
end they’re conteinzd in IO ampere-hour cases. 

There are three constant current charqe rates that 
we have . P:le have what we call our ncrmal cherqe rate, which 
is C over 20 charqe rate, C being rated capacity. We use 
this for recharge following eclipses or any other time that 
we have battery discharge, such as after spacecraft 
maneuvers. We have e hioh charge rate of C over 10, which we 
use primarily for reconditioning recharqe. tiut we also use 
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it occasionally in the eclipse seasons. 

The third rate is the C over 60 trickle charge 
rate which we use sny other time weEre not using those other 
two charge rates, such as between eclipse seasons and 
following the completion of recharge during the eclipse 
season. 

For the C over ten charce rate we have overcharoe 
protection. ?tie have a voltaqe/temperatiJre taoer charge 
curve. Temperatures are typically between zerc and 15 
degrees during the eclipse season. CJccasiona J ly dr!e to 
power management problems we let the batteries qet Jown to 
minus five. In a trickle charqe mode we will turn the 
heaters off and cycle the heaters. 

(Je also see temperatures at the other extremes. 1:/e 
get daily peak temperatures in the scmmer of over 20 
aegrees. 

The only other item here tc cover is 
reconditioning. About two weeks prier to each ecli!>se 
seascn we sequentially discharge and recharge eacfi of tht” 
batteries down to about two vol%s, and this works out to 
about .I volt per cell. Ana we cjo this with indivi..liJ.?J ceJ1 
bypass resisters. 

(Figure 26-2 1 

This slide shows a typical eclipse dischprce 
profile. He have three things plottEd here: the current, 
voltage and temperature. The dey shcwn here is the A.rJt:lTn?l 
Equinox, which is t:le longest eclipse, at 72 minlJtes. lhere 
are two indications of battery performance thnt we hzve. One 
of these is the current sharing. Here we see that 3zttery % 
is putting out a little less thc?n its sh?re of the curre!n%. 
But at the end of discharge it’s within about three percent 
of the mean. 

Another indication of nerfcrmance WF! have is t5e 
sharing of capEcity or ampere-hours cut of the tiatt?ry. ‘This 
too is three percent over the dischar,:e, and we jucjce this 
to be acceptable for the ace of the batteries. 

Also plotted here ere the batters ten?eratures. 
They are all within the two to ciqht degree tenpera%ure 
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range. And shown here is a single curve, an average of the 
battery voltages. 

The depth of discharge here based on rated is 55.9 
percent. 

(Figure 26-3 1 

vl;e have a similar graph for SP.lCOG 11. iiere the 
temperatures are between zero and four degrees. Crlrrent 
sharing is a little better. The cnpccity out is within two 
percent of the mean. r;e think this is very good for the age 
of the batteries. 

Those two paremet ers , the current sharing and the 
caoecity sharino, heln us to deterrrir,e the relatil/e healt!> 
of the batteries to each other. 

hnother thing we monitor, :nd what we loo!< at the 
IT.05 t , is the end of oischaro? volteoE durina ecli,pse. And 
this is our key pzrformence narnmeter to tell us how ‘tie/r-e. 
ooino throuohoat ttz life of t:le r;lic.cion. 

4het we’ve done is we have ke;>t, track of this 
voltaoe. It doesn’t always hep?en or t!-je lonc!+st eclipse. 
P,le have some cycling 1or.d~ which drlrinq C;or.-!e ecli;,,ses c,one 
on and in some eclipses they don’t. So the mihimnrlm volta?? 
doesn’t always hanpen cn the equinoxes. 

As vou can see here, we had a battery heater which 
was switched off at about ten minutes. ‘1he temneratrrre was 
hiah enouoh that we dicln’t nee.d it. 

(Figure 26-L) 1 

Here we have tabulatea the mi~~irrl!m averacle battery 
voltqes that I nointed out on ,the. list slide. ;ie tlcve t.he 
indivio:.llal battery voltages here. vi c averace tt1e.se to come 
up with an averacre battery voltage, ind then we have an 
average cell voltaqe which is the eversqe batter\: voltzrlo 
divided by 22. 

These individual battery vcltzoes ar? themselves 
averages. >Je have two telemetry units, and we averaoe 
these. 
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In the past we used to take the battery voltages 
from one telemetry unit or the other and we had a lot of 
scatter in the data. So we went back through all the 
eclipse seasons’ worth of data and averaged the two 
telemetry values. 

I’he most im,oortant thing to note here is that‘ 
between the first eclipse season ano the last eclipse season 
we’ve cropped E!bOlJt .55 volts on F-1, anc on F-2, ~A7C014 II, 
we’v’e uropped about .46 volts. And !+e think this is a very 
small drop. 

(Figure 20-5 > 

‘Ihis slide shops a little more ciramatica!ly the 
small arop in voltage. Y4e have plotteo the minimum average 
cell voltage versus the number of eclipses here. 

YOW I should do some explainin? about the F-2 data 
here. 

In the first three years of operation of i--2 we 
had a blockaae which prevented ollr solar arravs from making 
A complete revolution each day. Up zt the top of t;'is slice 
Kere is a little picture of our spacecraft. i;'Je have s1~r-1 
trackina arrays with one degree of freedom. And * as I 
mentioned, there was a blockage. So what we would have to 
oo is put the array drive motor into reverse and rewind the 
array. And because of this we would lose our solar array 
power and go on to the batteries, ano we would have abof.lt a 
27 percent death of discharge daily. So we had about I 000 
cycles of this up to the sixth eclipse season, where we 
aiscovered that the blockage was no longer there so we 
terminated the daily rewind maneuver. 

The way that was affecting the data here, or the 
voltages, was we weren’t fully charging the !3atteries oefore 
each eclipse. At least that’s what ~.e think was happening. 
Cince Pie stopped that proceoure you see that, our voltaoe 
Jumped right uo here. 

lhert? were also several ether things that mioht 
have contributed to tile increase in Loltage. vu’e had a loec 
reuuction of about five percent ant ke bed do!ihle 
reconoitioninq performed between the sixth ano seventh 
eclipse seasons. 
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We also had a load reduction:after the tenth 
eclipse season, so we see another jump here. That was about 
three percent. 

Plotted along with the ifi-orbit data here is the 
predicted voltage degradation curye. NOW this degradation 
curve is based on Crane data from the 207-A and 209-A packs. 
The 207-A pack was held at zero degrees afid was discharged 
to 60 percent of rated. And the 209 pack was held at 20 
degrees and also discharged to 60 percent depth of discharge. 

This curvt? was a best-fit curve to these data. 

I’d also like to point out our minimum voltaoe 
required for full payload operation. As vou see, we’re 
suite a ways from that. Earring any shorts 6r events like 
that we should meet our goal of 16 ecline seasons or eioht 
years in orbit. We’re pretty cntlmistic at this point. 

(Fiqure 26-6 1 

Since I used Crane data I thought 1 had better 
provide a comparison here. I’d like to thank Steve Gaston 
for the data. He came up with these numbers. 

both the SATCOM and Crane cells are GE cells. 
They’re both rated at 12 ampere-hours. The measured 
capacities are different, the SATCOK batteries are at 14 and 
the Crane packs at 16. Average discharqe currents are abolut 
5.4 to 5.Y for the SATCOM cells and C.O emperes for the 
Crane cells. 

If you take into account the total positive 
electrode surface areas here it works out to an equivalent 
aischarqe current density, - ;‘I to 40 for the SATCOM and 33 
for the Crane cells. 

I guess the only other thina I’d like to point out 
here are the depths of discharqe based on rated. tie*re 
seeino 53 to 5e percent depth of discharge whereas the Crane 
ce3ls are seeino 50 percent.. And based on measured, our 
uepths of discharge are 46 to 50 percent versus 45. 
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I’d also like to point out that we have tefloneted 
negative electrodes whereas the Crane cells do not. 

I’d just like to summarize. We think our 
batteries are performing very well here. We’re optimistic 
about getting our mission objective. cf eight years of 
operation. We attribute the aood nerformance so far to four 
things: The method of reconditioning, which is down to 
about . 1 volts per cell; the trickle charge storage during 
the non-eclipse 
temperatures 

seasons; the low average battery 
-- the yearly average is about 12 degrees -- 

and the teflonated negative plates. 

We think !4CA Astroelectronics has given us a aood 
battery system. 

Any auestions? 

DISCUSSION 

THIEtiFELDEd (General Electric>: Dave, is it right 
to conclude that while all of the 1’0s were operating there 
was no payload reduction’? 

STEWART: Well, as I notea on the SAl’CijM II 
curves, we had some load reduction. We had a five percent 
and three percent. They were TiZiTk loads that we tJ.Jrnea off. 
We have 21 operating on SATCOi/I 1 I bnc 23 on SATC13M I. 

HENDEE (Tel esat, Canada 1: YOIJ inoicated you 
normally returned following eclipse at C over 20 but that 
you occasionally used the C over 10. ;ihat were the 
indicators for going to the C over IC? 

sr i3 mr : Whenever we needed to have a fast 
recharge. There are certain times when we’re ,bower limiteo 
and we’re pressed for time, so t0 get f!Jlly charged before 
the next eclipse we used the C over 19. 

HEI43 EE : ‘fou don’t Seo!Jenc~-charge, do voui 

STEWART: When we use the C over IO we do 
seouence. 

HENDEEr You do seauence? 
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STWART: Yes. 

HENDEE: Why don’t you use that all the while? W e 
have the same bird, but we use the C over IO seouence, which 
I find extremely nice. 

STEWART: Okay. 

I believe vou have an automatic sequencer, whereas 
ours would be a manrlal. 

HENDEE: Lazy. 

STEPIART: That’s it, we’re lazy. 

Any more ouestions? 

FOHD (Goadard): Ed i-iendee, bv sequence you mean 
you charqe one battery for a while and then char-Fe another 
battery for a while? Is that what ycu mesn? Ljr hi-level 
charqinq, C ovfr 10 to C over LO? 

1-I t: N I3 EE : No, we actually charcle for five minrltes 
at C over 19, li%er?:.lly open circuits for the ten minutes. 
he Just commutate arouqa through the batteries. 

I know other people hzve c,-.lleo ne up and 
inauired, are you not worried about hydrogen aeneration ano 
E. few ether things. In my lab I have a fairly rigorous test 
coincl, as voti can well imaoine, 2nd 3 am sceinq no 
sic33 if icant pressure b\li ltXiJ,o. 
--- 1 think 

I think that we’re r(lnninr; 
our maxi;l:um pressures are aborrt 22 psia, proba’olv 

i! tot51 minimun to maximum of aborlt five oounds. 

FO.L!D: 3ut in recent work -- /yell, in previous 
workshops there’s been quite a contrcversy a!Iout that matter 
of seouential charainq, as you know. 
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BAlTERY DESIGN/HISTORY 

SATTERY: 

CHARGING: 

TM... 22 Cdl. IZAti NlCd 

Normal Cl20 --Eclipse S*atona 
Hl6h Cl10 --R~candltlonlng 
Trlckl. C/60 -In-Orbit Storage 

OVERCHARGE 
PROTECTIO)I: V/T-Sln6l* curr. (C/l0 Rat* Oillr) 

TEMPERATURE: 0 To 15% During Ecllpsa Ssa80n 

RECONDITIONING: Indirldual Cell Bypass. To 0.1 VICeI 

Figure 26-1 

SATCOY II ECLIPSE BATTERY DISCHARGE - O/22/61 

ncIl 
SITCOM I ECLIPSE BATTERY DISCHARGE - 6122/61 

Figure 26-2 

Figure 26-3 
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25.92 26.12 26.01 26.01 1.113 

ALL “*WI* YE I” rnll 

Figure 26-4 

ncn 
MINIMUM AVERAGE CELL VOLTAGE DURING ECLIPSE 

VS NUMBER OF ECLIPSE SEASONS 

I. 

Figure 26-5 

Figure 26-6 
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UPDATE: VIKING LANDEg NiCd BATTEAIEF - YEAR SIX 

A. tjrittino 

Martin ?&arietta 

(Figure 27-l 1 

I would like to diSCuSS* as Dave daer introduced, 
the performance of the NiCd batteries on the Viking Mars 
-landers that were built by fdartin lviarietta at Denver. lhey 
were both launched in 1975. They cruiseo for II months. 
Three of the four batteries on each lander were maintaineo 
in the discharged state, with a 19.3 K ohm resistor tied 
across each battery for telemetry purposes. The Lancers 
touched down on the :,Iartian s\lrfece in July anao Se,z3teTIbL?r of 

1976 for a planned 90-day mission. 

We are currently in the 19Wtn cay of that 9ti-aay 
mission on Viking Lander 1. The Vikino Lander 2 mission 
terminated two years ago. 

(Figure 27-2 1 

i3n board each lander were four 24-cell, eicht 
ampere-hour NiCd batteries. For weicht snvinas we used two 
batteries per battery assembly, and then two assemblies per 
spacecraft. 

Each battery weioht was 50-112 pounds. uecause of 
a planetary ouaran%ine requirement we were forced to 
sterilize the batteries, the entire spacecraft, as a matter 
of fact, for 54 hours at 233 degrees Fahrenheit. This 
caused us to select Pellon FT2140 nonwoven yolvpropvlene 
separator materiel. 

The cells were manufactureo by GE. prior to 
launch we did have individual cell monitoring for all tne 
prelaunch testing we dig, and the conditioning we did on the 
batteries. However, after latlnch, all we hao WBS battery 
terminal voltage and battery temperature for monitoring 
purposes. 

Following the landing the batteries experienced 
500 aischerge/recharoe cvcles in the range of 10 to 40 
percent depth of discharge. The rerrleinder of the cycles to 
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crate, which are in excess of 10,000 now, have been less than 
five percent depth of discharge. 

Ihe battery charge regime entails charging a 
battery for one hour while the other three natteries are 
msinteined on the eauinment bus sucplvinc the lander loads, 
switchinq that battery off the charge bus, connecting 
another battery to the charge bus, 5r.d repeating the cycle 
in one hour charpe increments six tines E day on each 
batt cry. 

(Figure 27-3 1 

1’31 place on the rioht-hand screen the cell 
characteristics without t-liscr:.ssinc: them. 

(Figure 27-4 > 

At the Aucust lYE?I IECEC ccnference, I reoorted 
two batteries degraded only about 15 to kG oercent and the 
remzinino two batteries deor2ced 6‘/ /-orcent. 1 hqd 
identifiec! the feet that we had hem doing a once per 37 
aays reconditioninq cycle on each of the batteries. ?ne 
month we would recondition tiattery A, the next month we’d 
recondition Eattery C, the next month ‘;3attery b, and tne 
following month battery I), and beain five months later on 
battery A aoain. 

At that time it appeared that b’e had arrested,or 
at least had sionificantlv reduced, the degradation of 
batteries C and D by going through this retime. 

lhe batteries are, as I sajd, 24 cells, and 
oischargino with ,this charge regime toes not discharge the 
battery cells below I volt per cell. In fact we discharge 
at a C/5 rate to L-7.3 volts, total bettery voltage. 
1 llowing for some imbalance, some of the cells mirrlht get 
below I volt per cell, b!Jt Orl the sVe:ra$e YOII woulcI Say 1.1 

volt per cell. 

(de recharge at C/d until such time as we either 
reach e voltage temperature charae cutofi, or 21 hours, 
cepenoinq on the equipment nus load. 

(Fioure Z-i-5 > 
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This is a typical discharge-recharge conaitioning 
cycle that we use. vie connect a lY.3 ohm resistor across 
the battery terminals, discharge the battery to the 27.3 
volts cutoff level. He allow a seven-hour period for 
this to occur. .fGt once the low voltage cutoff does occur, 
we $ust wait for the remainder of the seven-hour period to 
elapse and then begin recharge. In this case it was cutoff, 
charge, cutoff i do nothing then for the remainder of the 
2l-hour period that began with charge, and then becrin the 
regular one-hour cherge seouence all over pqain. 

(Figure 27-6 1 

Performance-wise, the batteries on Vikino Lander I 
have been subjected to one ampere dischzrcles for one holur 
about once per week. 7hree of the fcur batteries would 
experience this, the three that are normc?lly on the 
equipment Sus while one is being charqed. 

In the nast the peak disch;rcjes llave !Ieen to 3s 
much es I5 percent, depending on the amount of lfoltece 
i,nbalance between the three batterie_c and how they are 
sharing. lhe recharge rate was C/k. ‘This is in p.rldition to 
the once per month reconditioning chE:rces that we’re doinn. 

The results, as I reported at the IECEC, were a 
little degradation on two batteries, two other batteries 
being cieqraded by 67 percent, and 1 identified unequal loaa 
snaring between the battery pairs. L,atteries C and D did 
not supply as :?uc9 of the equipment txrs loeu as the two less 
oegreded batteries, anti there existec: a significantly higher 
ooereting temperature on the weaker batteries. 

(Figure 27-7 1 

Early in November v/e obtained t new dete point for 
lzattery D, and the important points ;re right over there: 
I .I ?.mpere-ho~lrsr 1.11, to be exact, compared to over 3 
Empere-hours measured in the five-month prior condit ionin? 
cycle. Dattsries A end t3 are sti31 stayinrl on track.1 aid 
neglect to out a data point at the end of the A curve thet 
showec the last A data point thet 1 had is 7.1 ampere-hours, 
which is still very hiah. 

Part of what has happened is that because 
Batteries C and D are typically on the eauip,nerlt bus with 
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either a Battery A or a Battery B that are in excellent 
conaition, A or E, if I may use the koro, hog the load. lhey 
supply the majority of the equipment bus load, and these two 
batteries don’t even get the little tit of benefit of any 
aischarging that might occur if they were at least eoual 
voltage and they could share the load. They’re not coino 
any sharing, and Batteries A and I! are getting themselves in 
better condition at this time; Batteries C and D are 
draooing themselves down. 

Couple. with this, at this time at about 1700 days 
after launch, the equipment mounting plate was at about 40 
to 50 degrees Fahrenheit on a diurnal cycle. We are now in 
a 55- to 65-degree Fahrenheit diurnal cycle here, so we're 
seeing the effect of increased temperature lowering the battery 
terminal voltage and giving us a lower starting point. For 
our reconditioning cycles, we're obviously going to get fewer 
ampere-hours out of the battery. 

(Figure 27-8 1 

During the time that we ao a conaitionino cycle as 
I showed in the previous oraph like this one, I showed 
battery A being reconditioned. This is a plot of battery 3, 
and the next two will be Flatteries C and D of their open 
circuit performance for the 26 hours that they’re not being 
charged or discharged but just sitting idle, attachea to the 
equipment bus. 

Lou031 see that izattery B, which is the other good 
battery, drops approximately one-hall volt in the 2B-hour 
period. 

(Figure 27-9 > 

This Vuaraph shows battery C, the first of the 
weaker batteries, dropping aoproximately 2-l/2 volts in that 
same period, which appears to be implying perhaps parasitic 
shorting is occurring. 

(Figure 27-10 1 

Battery D actually drops exactly three volts over 
that same 2B-hour oeriod. So tjatteries C and D seem to be 
possibly suffering a cadmium-migrsticn nroblem, - I’m 
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guessing .-- ultimately resulting in parasitic shorts. 

(Figure 27-11 1 

I proposed to JPL, and it is now being proposed to 
NASA Headq.uart ers , that I be allowec to go in and, at the 
suggestion of Dr. Billiard Scott of XZW, amonq others, 
perform some very close-together, deep-discharqe 
reconditioning cycles on the Eatteries C and D, designing 
the cycles such that they can be performed on Batteries A 
and b if I ever need to, but mainly to perform the 
deep-discharge reconditioning cycles on batteries C and D as 
a minimum. 

The spacecraft can operate with only two 
batteries. The two batteries, C ana D, being sionificantlv 
ueqraded -- ano we’re approaching Martian summer at this 
time -- lead us to the point where we’re qoino to be unablle 
to get any eneray from batteries C an<d J to oo anv 
reconditioninq to 27.3 volts. I honestly believe we’re 
going to drift down to that point. 

About the first time we cornect a 19.3 o!lm 
resistor across one of those batteries \*:e’Il. sense 
undervoltaqe and eech battery will bc al.itornatically 
disconnected from the reconcitioning cycle. 

hather than read throucrh all of this, as I say 
We’re raoidly approzchinq ;:artian stlrr.mer, which is goino to 
elevate the equipment mountinq plate temperature. That’s 
about a hundrea cays away right no\‘.-. :‘rhen that hanpens 
Batteries A and t will be operatinc ?t. about 50 to 60 
aeorees. batteries C and i1 will prcb?Sly be in a 70’ or 7% 
or maybe as hioh as 90-decree environment. So 1’~ concerned 
about this, and I have reoruested permission to cet %hese 
batteries reconditioned. 

What I plan to do is this, and when I finish, I 
would appreciate any comments, constructive or whatever. 

Let me take t3attery 11 first, because I have a 
known weakened condition on that. I would like to disciarqe 
it for at least four hours with a 19.3 ohm resistor across 
its terminals, and then terminate that discharge, recharge 
it et C/8, get the aeta back from the lander wnich will take 
about a week -- it oets record4 on 2 tape recoroer, and the 
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next time I get information is a week later throucrh the Deep 
Soace Net -- analyze the data for a v:eek, and then, 
everythin? looking qood, qolink the next command to repeat 
that same sequence, ana do that for F. total of three times. 

I understand in talking with some of our experts 
at previous conferences here, t!lat dcing several of those 
reconditioning discharge-recharce cycles can possibly brinq 
back these betteries significantly. 

In addition to that I do have some experience with 
reconditioning the Viking Lander 2 batteries. All four 
batteries on Viking Lander 2 saw excessively high tempera- 
tures for a 137-day period late in the Viking Lander 2 ex- 
tended mission. I did experiment with deep discharges, 
seven-hour timed discharges, with a 19.3-ohm resistor. 

And with doing two, seven-k,our t im?d dischcrqes 
within a 9i)-oay period on one better) i was able tc recover 
Elmost three-querters of the capacity thFt I haa lost. So 
the batteries seemed to respcnd to this type of 
reconditioninq scheme. 

I'lowever, I’m starting the reconditioning at a 
lower rernaininq ene,gy condition on these batteries than I 
aid with Vikinc Lander 2. When I stFrtea on the pronram on 
Vikina Lander 2, I had 3 ampere-hours minimuln in any of the 
batteries and as hiqh 3s 4-l/2 ampere-hours. 

Kere I’m startinc with 1. I ampere-hours. 1 Con’% 
know how far I dare push the battery before I permanently 
reverse the cell. I recoanize in four hours of discharge I 
will in all orooebility reverse some cells. t)lut with the 
battery terminal voltage going down, and witn a fixec: 
resistance across the batterv, i don’t think -- and ac?in 
I’m szyino i’think” nurnosely -- I’m ciscbaraina a Satterv at 
i hioh enough rete to permanently reaerse the cell. 

HENDEE (Teleset, Canada): I‘ell you what, even 
when you can see the battery voltages and know wnat’s 
happening, you’re probably goincl to reverse the ce31. I 
tell you, I’ve qct two satellites LJF there, an3 i/r;: aoinc! it 
two or three times every week, 
And I'm lucky. 

conditioning per battery. 
I've lucked out that we've been able to bring 

332 



them back. You'll probably luck out. Try it. 

(Figure 27-12 1 

i3RITlING: For your information I happen to have 
brought the Lander 2 curve that I prEsented atthe IECEC. 
The longest curve here thaVs flat, going all the way out to 
this point, is the energy that remained in the batterv at 
the Earth-Mars cruise time period. It turns out to be 9.13 
ampere-hours. 

rye discharged that battery for 6.3 hours, to the 
27.3-volt cutoff level and got 9.13 Empere-hours out of it. 

SOL-547 -- SOL is the hjartian solar day. It's 
24.7 earth hours long. SOL-5479 or 547 Gartian uays later, 
we obtained 8.15 ampere-hours to 27.3 volts. r7n SOL-777 -- 
this was after we had seen this 137~cay period at elEvc?ted 
temperatures - we got onlv 2.12 ampere-hours out of this 
battery. 

Ninety days later, just to see what was happening, 
I think we did experience some recovery. Ihere's an 
indication we had done some recovery from S1JL-7-i-i to SOL-957 
because you see almost one additional ampere-hour out. z,lt 
you must keep in mind the batterv terrperature in the earlier 
cycle was 57 degrees. Here it’s 40 c’ecrrees so there mav not 
have been any gain other than the fact that the battery being 
colder, the terminal voltage on the battery was higher and 
the colder temperature was responsible for obtaining a frac- 
tional additional ampere-hour out of the battery. 

One week later we performec our first seven-hour 
timed discharge to 27.3 volts. We obtained 5.11 
ampere-hours out of the battery. At the end of seven hours 
we were at 9.88 volts. 

Ninety days later we repeated that seven-hour test 
and we got 6-l/2 ampere-hours to 27.3 volt aischarqe cutoff. 
We recovered another 1-l/2 ampere-hours. lhe temperatures 
there are fairly comparable, and the battery discharged only 
to 18.04 volts in that seven hours. Notice possible 
evidence of a second plateau on the last discharge cycle. 

lhis was the experience on Viking Lander 2, but 
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that mission did terminate early because of loss of the 
Viking Orbiter that 1 needed to relay my data back to Earth. 

One thing I might point out, as you see the 
voltage decaying in the first seven-hour timed discharge, we 
might be seeing evidence of cell reversals there, there, and 
maybe there, maybe one right there. (Indicating inflection 
points in the discharge curve.) 

HENDEE: That’s what I was going to point out. You 
have one9 two, three, four, five reversals in there 
probably. 

WITTING: Ana we did come back. 

HENDEE: You got them back. Our satellites are 
approaching their tenth anniversary here in another month, I 
think, the first one. Every reconditioning period we droo 
out a cell. You can see it. You can see a discontinuitv 
just like you see it there. You can see the cell drop out, 
ana our capacity was just going to hell in a hand bucket 
egain, just like yours. 

r'de had to make a decision, were we going to oive 
up a cell to recover the capacity, the voltage on the other 
cells, and we said, “Yes, se/d try it.” So we went and we 
tit least said We’re going to go intc our second reversal 
withcut any qualrns .I’ And we’ve been recovering. 

Id ITTING: Do you have the capebilty of shorting 
across a cell that’s going negative? 

I-;EfJDEE: 510, I wish we did. 

dii IT1 ING: 1 wish we did, tco. 

i;END tE : ‘/;e have no protection whatsoever. 

bH ITTING: Hinasight. 

HE;dL)ffE: NO , we knew about it when we did it. 

t;R 1TTING: tie probably did, too. 1 wasn't around 
at that tiine. 

KiJNIGAHALLI (Bowie State College): Could you 
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kindly comment on the second plateau that I see on the curve 
there? What is the rate of charge and discharge of that 
curve? 

bRITTINGt Let's see. About that time the average 
discharge rate is identifieo right here, l-l/2 amps, We 
start out at roughly I .6 amps. Sy this period in here we’re 
discharging at about 1 .4. V/e/i-e probably discharging at 
about a 1.25 to 1.4 ampere rate by tt-at point. 

KUNIGAHALLI: 3 see. Do you observe this second 
plateau in all the cells that are SATCCV~? 

ER ITT1 NG: As I sey, the mission ended before I 
was able to get sufficient informaticn from the other 
batteries so I can’t honestly say thFt. I’m banking a lot 
on this being typical of all the batteries. 

KJNIGAXALLI I Can you comment on why the second 
plateau appears? 90 you have any sucqestion why it’s 
tlappening there? 

>iiITlII\IGt I’m not a battery expert. Somebody 
else might feel free to coniment on that. 
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Figure 27-1 

BATlERY CHARACTERISTICS 

2 - 26AH BATTERIES/ASSEMBLY 
2 - BATTERY ASSEMBLIES/SPACECRAFT 

BATTERY WEIGHT 50.5 LBS 
HEAT STERILIZATION 54 HOURS 0 233-F 
CHARGE CONDITIONS 

VOLTAGEllEMPERATURE CIMTROL 
C/l5 - IN CRUISE FRCM VO 75 
C/Ml - TRICKLE 
C/B - TYPICAL LANDED OPERATION 

MONITORING 
TEMPERATURE 
BATTERY VOLTAGE 3 

FLIGHT 

CELL VOLTAGE - CROWD ONLY 

Figure 27-2 

Table I cell Cboracteristica 

_-.-_-. ,_... .--. . ..-. _--- 
Cell Cap;lrIty 

Cell Weight 

Ccl1 SIX 

Glee naterIo 

Case Wall Thickness 

Insulated Terminals 

Terminal Type 

Auxiliary Electrode 

Separator Material 

Scperator Thickness 

Plite Pack Wrap 

Case Liner 

Electrolyte 

lilcctrolytc Corlccntrutlon 

Electrolyte Quantity 

Plate Suhstrnte 

Sfnter Porosity 

Number of Plates 

Plate Sire 

Plate Thickness 

8 A-h (Rated) 

273 gm - Lot Average 

7.58!l cm x 2.27 cm x 
8,651 cm (fncliding 
tcrmlnals) 

304L StaInless Steel 

0.48 _+ 0.05 mm 
Positive h Negative 

Nickel Post vith Ceramic 

Insulator Ce - allNicks 
- Braze 

None 

Pellon FT2140 Nonvoven 

Polypropylene 

0.216 nsn 

Pellon FT2140 Nonwoven 
Polypropylene 

0.127 mm Solid Polypro- 
pylene Sheet 

KOll 

3 4 z 
21.5 to 23.5 cc 
0.101 !rm~ Perforated Steel 
Sheet 

80% Nominal 

POS 11 

NEC 12 

7.0 _+ 0.03 x 4.9 + 0.03cm 
POS 0.066 to 0.071 cm 

NEC 0.078 to 0.081 cm 

Figure 27-3 
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Figure 27-5 

PERFORMANCE 

VIKING LANDER 1 --___ 
o DISCHARGEIRECHARGE 

- 1 AMPERE DISCHARGE lC18l FOR 1 HOUR ONCEMEEK In DOD1 

- FtAK DISCHARGES TO L% 

- RECHARGE @ Cl8 RATE 

- DNCEQ MONTH DISCHARGE C C6 TO 27.3 VDC. RECHARGE @ C/8 

Figure 27-7 

0 RESULTS 

LIllLE DEGRADATION TWO BATTERIES - OCV @ 32-33 VDC 

- TWO BAllERIES GREATER DEGRADATION OCV @ M-31 VDC 

- UNEOUAL LOAD SHARING BEIWEEN BATTERY PAIRS 

- l(t15’F HIGHER OPERATING TEMPERATURE ON WEAK BATTERIES 

Figure 27-6 

Figure 27-8 
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Figure 27-9 
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SPACECPAFT CA!! OPERA15 WI!, ONLY IWO SATTERIES 

I'd0 BATICRIES (C D 0) SIMIFICA'IILV CLGWED (6011 

. EACB 3AlIERV IS ECOYDIIIO3ED EYERV FIVE IYl:IIHS (OIFFEREIT BATTERl 

EVERY 37 SOLS) 

, PRESE!il OYBOARS RECNNIMII'IG WIEIIE ORLV RETAPDS ITE OF 

CEGkADAIIO3 

. ELCVAIED S/t IEWEQAIURES WRING ?ARII'L)I SUMER (SOL 1994) AGGRAVATE 

PROBLEfl 

DESIGY UPLIIIK ID ALLUd !UcIRE FREPUEYI, GQEAIER DEPI!, OF DISCHARGE 

RECO+dDIIIOYI'IG CYCLES 

. PERFOR RECO~DIIIO'II'IG SEVERI lIPi. O'l OYE IF IlEAKER BATTERIES, AliALVZE 

RESULTS 

PERFOW RECOYDIlIO?I*IG 04 RE.%l'(IX HEAKER 3AllERV 

FL,rirT SDFIMRE CHAW 10 RtlrAlY IY FlIG'Il LOWUTER FOR FUIURE "SE OY NIV 

SAlTFRY 

. REPOPl PISULIS 

Figure 27-11 
“I - 

-.-. -.-. -- .- .- -.T---- . . . _ . . _ 
A .-.y- --. -.-.---.;- 
,~ - i-r-- -‘..-----.-i -- i-- ,i ____ i. - .-.-, 1 

I. - -. . . ..L-- _ _. 
I--..-.-.. .=.i+-GL .n-- . 

---- - -- - ._.._ --,, 
.--.. . _ 

--- -_.- I, 

FlGURE I 

Figure 27-12 

339 





J. Kasten 

tiockwell 

(Figure Zb-I 1 

Ihe CPS system has three General Electric 
batteries. There are 16 cells in series, and at 25 degrees 
the rated capacity is around 18 amp-hours. These three 
batteries are wired tocether, and during the eclipse period 
they are discharaed throuqh parallel diodes into a boost 
converter which then boosts the battery voltage up to the 
totally regulated bus voltaqe (27.4 V). Each battery has its 
individual charaer, and the svstem life is suoposedly good 
for about five vears. 

To just cive a little pre-flioht historv on these 
:;atteries, the aae of all of the batteries varied around 20 
to 3E months at launch, anu this consisted of around 20 
nDont hs of cell test (time from activation) battery fab time, 
2nd space vehicle test time. The balance of the time was in 
COlil s toraqe . ?‘>e cell test and battery fau was what I 
clcissifiec as tirn? zt GE. That’s frcv the fill! time at 
Cainesvi lle. ? I-I e r e w a s aoproximately eleven months on these 
batteries. i-he space vehicle test on these vehicles that 
I'm showing is around nine months. We store them at five 
degrees C in a discharged state, open circuited. 

lhe vehicles t:?et I/VI showing here, all of these 
!.>etteri~:s, when they were stored in cold storage they were 
coen circuited. 

Ihe battery uurino spece vehicle test was in use 
or maintained on a trickle charge. ‘The approximate 
temperature range was arouno 20 plus or minus 5 degrees. 
Sometimes it woulc? be a couple of decrees ccoler, sometimes 
a couple of decrees warmer. rihen they were on trickle 
charce they were either chsrqed to a VT curve -- that’s a 
clam:ped volt~ae/tem~~erature (the next chart will show what I 
nlean by that) or else it was a ccnstEnt current charge of 
arounu 159 milliainp;. 

iie have a hard and fast recuirement that we limit 
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the open circuit time. It has to be less than 14 days. In 
reality we usually end‘,up with one or twc days. Most of 
this open circuit time is accumulatec during vehicle 
transportation from one test facility to another. 

A deep reconditioning is performed on the 
batteries every four months. Just prior to shiooin(; our 
Lehicle up to Vandenberq we do e (leer reconditioninq which 
is within six weeks of launch. At tt-.is point the batteries 
are taken dorvn to first cell voltace of 1.1 at a fast rate 
;nd then there are indi.vidllal resisters placed across each 
~311 un%il the cell voltaye is less than 20 XV. 

Our battery flioht history. The GPS orbit is a I2 
hour orbit. It has R LO day eclipse season twice each vear. 
ii&ax ecliose is 55 minutes, 
follows ‘the sine curve. 

and the eclipse time roughly 

lhe flic!ht battery teT;oerature exceot on one 
battery on !?zc!~ vehicle is maintaineo wi,ttiin zero to five 
a e (2 r f e s P lhat was our goa1 
t)le ti;re~‘3iltteries 

with tF:e t+xcen,tion ol’ one of 
>/hich operates at zero to 30 degrees, or 

E: little sit -nore, actually, ze r-o tc aL)out 35 now. lhe 
!.,:jI;tr:-ries r;r13 chart;eo to a v/-i‘ rllrve, ant: this equates to 
cArL\,J;.,c i &j 12 i 11 i em,os at tso ilecyrees C. i;e perform a sha 1 low 
r e c 0 n 0 i t i c n i n f:;! - - t t-i i: t ’ t; t 2 ,L i no the battery voltage aown to 
1 7 .C; vcl ts -- orior to eaci: eclipse season. 

( r- ir;ur e Lti-2 ) 

‘I‘h i s i s ;i :jictlure of c:ir s?ttery. The battery is 
f~lOU!iteCY tCj ti;? vehicl? with these rnountino a,ttach points 
I,zre, anil it’s thermally isolated rrcrn the vehicle. 

It’s not shown in this picture, but there’s a 
raci?tor on the bottom of each battery -- a heat rejection 
rlzte. The ioea is that the heat flab out of the battery is 
t?,rOu(:h the radiate;-, which looks at deep space. lie control 
t-le teiylperature of the battery with thermal heaters, 
controlled by therl?ostats, anci that nlaintains them over the 
i‘c 1-o t 0 five decree range. 

(Fil-rure 23-3 1 

This is basically our V/T curves. “Jominally on 
L/T curve number two -- this one riaht here --- and if the 

342 

I II Ill1 II I I 



battery temperature is around zero desrees or two degrees 
then the voltage is around 23 volts, and the battery coming 
out of an eclipse period is charged. cilhen the voltage 
reaches 23 volts the current is clamFed back, it raoidly 
orops off and enters into a taper cherqe reqion which ends 
UD tc be about 100 milliamps after ab.out 24 hours of 
charoino. 

(Fiaure 28-4 > 

This is kind of a gross summary of the data that 
we have on our first satellite that has launched on 
Uashington’s birthday back in ‘56. 50 we’re approaching 
four years of life cn this vehicle, 

The c!ata I plotted here was tne batterv capacitv 
ourinq the reconditioning. Easicelly we just out a constant 
resistive load across the entire battery anu ‘we enu up with 
about a 150 miiliamp discharge rate Et 18.5 volts. Ihis loa3 
is removed wnen the battery voltage reaches 17.6 V. 

As you can see, on all of these batteries we have 
a relativelv constant capacity over the fligtlt history. rY e 
hzve sho;vn they indicated be.sicSlly no ceqradation at all. 
P:a’re really level. There is some ncise level back ano 
iortii b?CcZlJS e thf? people LIP at bUnnyLale wno watcn the 
vehicle don’t always catch it right at the point in time 
where the load is tripped off. 

I shoula mention the reconciticnino load. flhen 
the !:::ttery voltace reaches 17.6 volts, us I mentioned 
e:jrl ier, iS 1s auto:,7atica’ly r?‘r!ovc--cl. And so t’ney alwavs 
won’t catctj it at that time. 50 we us~ual ly back off to the 
l??;t time they fina it -- they saw that it was sti 11 
cischaroino. F.no t!lis can varv eiaht hot!rs or so. 

Ihe !>attery number three which sees the run on the 
first four vehicles <I that were launched, as I mentioned 
earlier, does vary in temperature range of 0 to 30 degrees C, 
and, is the battery that our thermal people blew it on.And 
the raaiator surface, which is coated with silver teflon 
tape, cieqrad ed at a lot faster rate. The alpha on it 
ceoreaed at a lot faster rate than was anticipated predicted 
back in ‘7.7 when the design basically was done. 

Anti so within about six months after launch we 
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were approaching 20 degrees C and now it’s up to 35. I think 
it has pretty much leveled off. I think it’s deqraded about 
as far as it’s qoing to degrade. The battery is swi.noinq 
throuoh a temperature cycle of zero to about 30, 35 degrees 
every 12 hours. But on these batteries -- and I’ll have 
Enother vehicle where you can see some oeoradation, quite a 
bit of degradation M- but on this one we have seen none. 

Ihe lower part of this chart is a summary of the 
ena of eclipse voltage that we see aurinq our lonrrest 
eclipse period, our 55-minute eclipse period. I plotted 
the battery voltage along here, which refers back to this 
chart here. You can see it's right around 19.5 volts. 

lhese numbers down !lere are the currents that were 
being, cira?in out of tl-le battery at the eno of the eclipse 
ithen the voltac;e was recoraed. 

(Indicating. 1 

At tt;e last ecliose oerioc, which took place in 
For-i I, the last ecli;?se period 1 have plotted, which was 
April of ‘81, our battery cne was cbcut six am,os, two were 
6.1 amps, and battery number three was about 5.3 amos. SO 

you can see the thermal effect there. 

Also on betterv three, since it is getting rip into 
the hioh temperatures, they are manacino the charging 
circuit new. ;r:le have an automatic cutoff at about 32 
oeorees. iiowever a customer is a little reluctant to rely 
on that, so whenever the battery sets up to 25 decrees they 
cut off the charger. So better\/ number three is seeing 
sicnificant open circuit time now. 

At this point I will identify the period of 
time (through the eclipse oeriod) they had our payload in 
what is called the hiah power mode, so we had larqer 
currents which are identified here, end that’s the reason 
for the lower voltace. 

(Figure 2t-5 ) 

This is kind of a busy chart of the raw data showing 
each eclipse oeriod. basicallv ttlese are the numbers used in 
calculating the capacity olott*d on the previous chart. 
7.he other reason I’m showing it is WE also calculate 
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the average discharoe voltage for each oatterv. And, as you 
can see, on this particular vehicle p:;e Reve seen little drop 
in the discharge voltaqe. This is the reconditioning 
discharge voltage. 

Uver here you can see a drop right arouna in here. 

( Indicat inq. 1 

And that is a point in time where we went to a 
lower charqe curve, charge curve one, if you’ll recall the 
V/T curve fioure. 

(Figure ;Lt:-6 1 

\;ehicle tk:o is pretty much the sc?m? as vehicle 
one. rie heve seen very little or no aeoradation of any of 
the c2ctt ?r its . 

tin olur vel1icle nurn::er three, Which was lallnched in 
L.! c t 0 b e r , 3ctober -/ of ‘-IL, w2 hevs seen some 2ecrMntion. 
I: 2 t t e ry t ;v 0 1 00 F: s r 2 a 1 (“002 . It’s Tretty 17:11.1ch flat., still 
stayin:: at an a7n-hour calculated cay;.ecitv of around 2.3 
Gin?-hours tt)rouqh this are?. 

battery one i?es s!lown a orEdual aecline, but not a 
who 1 e 1 o t. . 

rattery three., though -- this is the one, again, 
thzt/s b3ing;: ther nel cyclea -- we hate seen a significant 
croo alter about tile third reconditicnino berio:?. tilt3 sa2I a 
significant drop. Ir,nc’ the orourld rules thgt LV? have set rip 

v.;>er; \;ig set nlore t.>an a six oercenr; ceqrauation, tr-iey 
alltorrstically co 8no perform the second reconditior~ing 
c ‘,/ c 1 e . These reconditioning cycles i- re peri’orrileo within 
EcJout a week or a hFIEi< ant! a half of each other. 20 dLJ6? t0 

tr-le tecloerature cycl inc: enc evcrvti>inc it appears that we do 
not really oain tllct much in capacity. 

-1. 
r,ow I iust received c:eta Friday, and it has nobI 

Lai:en hnother six ,perct-nt drop. !jo the next plot shown will 
Le TiqAt C.Gout in i3Cre. It av,pears k.e are getting some 
c.ec:ratikticn on ::,attery nllrnber three, which is probably being 
ci:ju~ec by t.he terrioerature cycling. 

Ac!ain the ecliose performance, thouoh, this is the 
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plot of the end of eclipse voltage, with the currents. 
b’re’re gettin? fairly qooa current shzrinq. 1 

t?hat will happen is at the beqinnina of the elipse 
he’ ! 1 qet very little sharing with b?ttery number three due 
to the telr,perature. It’s besicnlly off-line. jut as the 
eclipse qets into, say, five or tpn a,inutes it will slowly 
start picking 1~17. And by the tim9 we're into 15 to 20 
rilinutes the discharC:e current is near the final value 
recorded. 

So batteries one and two, ES the !nan from Sart in 
rlie:lt ioned, tenv to hoc the load. 

(tiflure ,?F-7 1 

Yhis i .c Jrlst, aqc?in, detail numbers froirl which the 
c3paci tic.5 xere plotted. Voltaces or: this katterv acai0 
F: 3 t3 e i’ r ‘;a tx:e !33!dinc: orut verv, very be Il. 

I ? a t t 1 r v r!u r-1 C e r t !3 r e e , the \olt?r?e showed a drop 
1; ;-, er, 1:: ? ! ‘c e n t to c:2zroe curve :,nc, whici7 is right a50ut in 
this per-ic~c., r?nili it’s urocncd a little Sit inore here. 

(lndic?tino. 1 

il!~oth;:r thin:; 1’11 point out, this is the 
reccncitioninfl load, the resistive 1oa.d that the battery 
1.oitsq2 or the bettery is reconaitionea across. 

;ve ended u,o with a mix cn ~qe of batteries on our 
first six vehicles. T’his battery nun.ber one happens to be 
cne of t.i-le older natteries in our syste32 that we launcnea. 
1 t was aoproxizately 3~ months olc et lE,u.nch in real life. 
;L.nc one could assuine that !nzy or scme of the reasons whv 
k2’r-E 5 csinq so:ne of this c;eqraclatior! here, sv?n thollqh it 
is : .i nor. I t Coesr!‘% show 11p on SOT.IE of the other vehicles. 
The reason for the age mix was because we had, again, a 
design change after we had received another number of 
batteries. So in trying to shuffle things around we mixed 
them up. We don't intentionally assign batteries to 
vehicles this way. 
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This is the reconditioning discharoe curve from 
the third vehicle, batterv number three. ihe dashed line is 
basically what we predicted it shoulc be based on previous 
test data. Our first reconditioning (solid line>, which was 
held May '79, followed that line down fairly close and 
csrriea ridht out. F!e're coming off F-ith a fairly sharp 
dropoff. :'i'here this ends here, that's the last data point 
that we qot from th;l vehicle monitoring. It should not have 
dropped off until we oat down to about Ii volts down in this 
area. 

'Ihen in November of '.tO \ne did the reconditioning 
and had a siqnificant decrease in capacity, as I pointed out 
in the earlier charts. ,4nd the volteae discharge curve was 
somewhat cie:)ressed iron what we had seen earlier. Ana also 
the slcce at t'le enw hao a very soft knee to it, which col~ld 
in3iccte that we were qetting some cell aiveroence. so a 
second reconcitioninc :vas performed. .4nd, as it came out, 
the first part of t!le curve lcoked acod up to here. N e saw 
all the thinos vou would expect to see with reconditioninq. 
2!Ie voltec-e plate3J.J hao increased. Lut the discharqe voltaoe 
c';-ll . . C; ro,poed ci;~. early to a secono Flateau. And on this we 
'U.‘jt hb?Jr>;>ened t0 luck OLlt i .they were watchin the vehicle 
Eno V;aitinq for it to trip, and we h2d a little extension 
ilere which coulo indicate tnat we're seeino a cell drop off 
riqnt aoout nere. That's the weakest cell. 

Ihe latest data from this tattery that was just 
received shows the same thino. Se bed an extended period of 
t. i m e , around nine to ten hours, where we hao droPped down 
ano then it fust kinc: of held its own for about another ten 
hours and then dropped off. Ano, of course, we were sitting 
right on the cutoff noint. 

(FiaLJre Zk-9 1 

ti!Jr fourth vehicle, which kas else launched back 
in '-113, !Iecember .I lth, eoain battery number three capacitv 
is srop3inr. I don't know if there's anytninq YOII could sav 
llere or not, bJJt it seems like when VP CJid the two 

reconcitionino cycles the next time 11r-1 seeins to .hola its 
0 !vn . It's a sample of two, I cuess, on these two vehicles. 
Lut we're kinrj of looking forward anC: watchino that later 
on. 

Aoain the dischnrne volteoe at the end of the 
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eclipse periods are fairly level. 

(Fiuure 2E-10 ) 

This is, the detailed capacity information for o!lr 
fourth vehicle. The voltages basically have remained 
unchanged for these two. G’le’ve seen some drop here aoain 
because, I don’t have it noted here, but we are on charoe 
curve one. 

tie have two other vehicles in orbit that were 
launched in 1980, and we have seen no capacitv deoradation 
on those batteries. And we resolved our battery three 
problem of temperature cyclinq by redesiqninq the battery 
raoiator system. Now on our vehicles all the batteries are 
maintained over a zero to five oeqrees temperature range. 

Any auestions’f 
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P “B 
* %a-‘, k9 GPS BATTERY DATA 

R BATTERY DESCRIPTION 
o MANUFACTURER 1 GE 
l 16 18AH CELLS 

0 BATTERY PRE FLIGHT HISTORY 
a AGE AT LAUNCH RANGED FROn 20 TO 38 MDNTHS 

- 20 MONTHS OF CELL TEST/BATT FAB/SV TEST TltlE 
- CELL TEST/BATT FAB - 11 RONTHS 
- SV TEST - 9 MONTHS 

- REMAINING TINE (IF ANY) WAS IN COLD STORAGE 
- DISCHARGED 
- 5oc 

o BATTERY SV TEST TINE 
- IN USE OR MAINTAINED ON TRICKLE CHARGE 

- %20°C 
- CHARGED TO V/T CURVE (CLAMPED VOLTAGE/TEMPERATURE) OR CONSTANT CURRENT OF 150 MA 

- OPEN CIRCUIT TIME MINIMIZED TO LESS THAN 14 DAYS 
- RECONDITIONED APPROXIMATELY EVERY 4 MONTHS AND WITHIN 6 HLCKS OF LAUNCH 

0 BATTERY FLIGHT HISTORY 
o 12 HOUR ORBIT, 30 DAY ECLIPSE SEASON, 55 MIN MAX ECLIPSE 
n TEMPERATURE MAINTAINED OVER 0 TO 5'C RANGE (EXCEPT WHERE NOTED) 
o CHARGE TO V/T CURVE k100 MA AT 2OC) 
a SHALLOW RECONDITIONED (BATTERY VOLTAGE OF 17,6V) PRIOR TO EACH ECLIPSE SEASON 

'";"::::'::;26:t:; 0gb i%kz..l 

Figure 28-1 

Figure 28-2 
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V/I CURVES FOR BATTERY CHARGING 

1 OF THE 4 V/l 
CHARGE CURVES 
SELECTED 

I NOMINALLY V/T CURVE 2 IS SELECTED 

8 BATTERY VOLTAGE IS CLAMPED AT TENPERAWRE (CHARGE CURRENT TAPERS) 

Figure 28-4 

Figure 28-6 
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NAVSTAR I I I BATTERY RECONDITIONING DATA 
- 

22.bO 19.83 rrdc2 

22.22 19.89 1rt.m 

21.92 1% 82 IW.07 

21.51 ISa2 137sL1 

20.99 19.03 Ml0 

Figure 28-7 
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Figure 28-8 
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NAVSTAR IV BATTERY DATA 
LAUNCII DATE 12111/-/8 

1 

2 

% 
z 
4 2 j 

F 
5 19.u 

j 
BATTERY NO 

1 (SIN 0161 FCC-r 
L 16-n 2 IS/N 0121 O-w-0 

3 IS/II 0231 n 

le.5 / 
68 6.3 
El,3 cl6 , 

19. 6.1 5.L !T.G 5,6 ‘:.G 

BlC 
BX 
BX 

Figure 28-9 

NAVSTAR IV BATTERY RECONDITIONING DATA 

BATT y2 (WFJ Olt) 
(125.93~.) 

Figure 
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NEA NiCd BATTERY STAtiDAHD AND LUIDE 

M. rdi lden 

Aerospace Corporet ion 

I think this is a fitting paper td end up today’s 
session on NiCd cells and NiCd battery performance data. 

Une of the functions that Aerospace Corportition 
has is to examine the entire industry and examine what’s 
teen Going on end interface with the various industry 
organizations and trv ana distill out 0P it some general 
practices, and this is what we have rttempteo to do. 

(Figure 23-l 1 

Le’re basically working with two kinas of 
aocuments. Lihe first one is military st&ndards ana 
specifications. lhese provide a forn:al listing of gooc 
r.rcctic?s through an iterative process aealinq with people 
in the inailstry. 

Another purpose is to provide e compliance 
bocument for imposing require.ments in procurements. Kormallv 
these documents do not contain design Sata. It’s usua3ly 
not the place of a military standard or spec to contain 
desic;n data. lhis is usually left fcr handbooks. 

It also provides a technicel besis for 
procurement. It orovides a nominal requirement. 
tiasis for discussion end negotiations. 

It’s a 
Any of these 

documents is always open for neqotietion. 

(Figure 29-2 1 

Internal to the Soace Division, which is part of 
the Air Sorce, there is a new series of cocuments which are 
going to be called Proaram Enqineerinq ‘Cechnical Guides. 
These will be used by the various prcgram off ice individuals 
and Air Fc,rce individuals to gain some general background of 
ihe industry practices and various traaeoffs on what might 
be controversial areas, 

The basic difference between i! guide and mil spec 
is E specification is a manuatory aocument whereas the quiae 

353 



will be informational and primarily a tutorial document. 
These are strictly going to be in-house aocuments. They are 
presented as part of a series. The initial group consists 
of five documents. And what I have cone is I have solicited 
about 30 inputs from various people throughout the industry 
cn three drafts of this document. 

I’m sorry I coulan’t qet around to all of you, but 
I Just took a selected list of various different gov.ernment 
agencies and suppliers. 

lhe Program Engineering Technical Guide is less 
formal. It’s a more dynamic document. It doesn’t 90 
through a formal release cycle. It L+.ill also allow for 
ci verqence of opinions. There \jfi 11 be controversy presented 
in tne docunents. It will ciocument engineerinq or technical 
cata that exists in the industry, eno it can also act as a 
design hancbooic. 

I-iopefully it will. provide c’ consistent technical 
aporoach. And it will je useful for evaluatinq diversity of 
o-.inions As sorne of you are we!1 abare, there are lots of 
osinions’on thin9s like reconditionirg, what temperature to 
operate a oattery, different voltace curves, different 
techniques. 

At present there are five guides bein prepared. 
Une deals with propulsion system pressurants. Another one 
oeals bith vehicle instrumentation during acorJstic tests. 
Another one deals with retest requirements. Another one 
oeals with verifying reduncant qeDzbilitieS in space. And 
the fifth one deals with use of NiCd batteries during 
svstems tests. 

(Fiqure 29-3 1 

First I’d like to go over -- Inciaentally, Gerry 

I,alperI; leaned on !:le. I had 22 vugr-cphs, and he twisted my 
?.rn to cut out about two-thirds of them. 50 hopefully we’ll 
finish right on time. lhe remainin 16 vieworaphs will De 
contained in the proceedings for completeness. 

First I’d like to 90 over the main points of the 
nickel-caamium battery usace prectices fcr space vehicles. 
lhis \%ill be published as .:iil Stancard 157E; the nominal 
relesse date is 27 July 13’) ,L. It’s currently in the release 

354 



cycle being published somewhere or other in the vast 
bureaucracy. Eventually it will be available to the public. 

It will establish requirements, and these are 
based on experience and successful practices, much of the 
material we've seen here today. 

Compliance with the document-will help assure 
proper performance for NiCds during space missions. The 
compliance with handling procedures should go quite a ways 
to minimizing degradation. And one thin9 that it will 
hopefully do, it will define terminology to be used. 

As most of you are aware, there are a lot of 
confusing and ambiguous terms, like capacity, ano this will 
:ust provide a definition. 
Embiouities. 

It may help eliminate some 

(Fiaure 29-4 1 

The ?roqren: Engineering lechnical Guides title is 
“;ise of Recharoeable i\liCd Flight batteries tiurina Space Vehicle 

1estino.Y It has three major sections. The first one is a 
survey of oractices that are current in the industry, a 
discussion of current usaae, end it makes recommendations. 

(Figure ZY-5 1 

These are the results of a survey of a total of 28 
spacecraft systems use broken down in terms of no use, 
thermal vacuum only, ana all systems testing. The majority 
of people do not use the flight batteries for other than 
flicht. They acceptance test the batteries, they acceptance 
test tne cells first, ano then they put the batteries in 
storece, reconditioning them periodically ana reconditioning 
them just before putting them on the flight vehicle. 

Generally the olaer programs used flight batteries 
for all systems testing. lhe trend in most of the newer 
nrogrents is to minimize use of the aesiynated flight 
batteries. 

(Figure 29-6 1 

In aoinq throuah this survey there were a number 
of reasons klhich were presented by enough people to oive 

355 



some repetition. lhe reasons given for the use of flight 
batteries in systems testing were the co_llection of base 
line data; in actual vehicle environment where you’ve got 
the actual leads, you’ve got the actual connections, it 
gives you a chance to do a full up test. 

In many vehicles the battery is an intimate part 
of the thermal subsystem, and if the battery is a part of it 
this is the one chance you really ha\e f‘or checking out that 
thermal interface. 

A number of people said it gave them an 
opportunity to discover early failures by actually using the 
flight batteries. I’d like to point out, though, that 
there’s a clear tradeoff between life and testing. 

And a couple of people -- particularly on 
commercial programs -- said that the use of the flight 
batteries or a single set of flight batteries is a low cost 
option. In commercial systems this js a major 
consideration. However in many military systems this is 
really not a consideration. Life ant performance are the 
critical parameters. 

(Fiqure 29-7 > 

The reasons Given against the use of flight 
batteries in system tests were that secondary oatteries do 
have E limited life, ano what we would like to ao is 
maximize the on-orbit life. Jim Dunlop said he thinks th;jt 
if you use the batteries on the Fround you’re going to lose 
as much as a year in orbit. Prooably a qooa number. 

Of course another very impcrtant point is the only 
environment where there is a simrllation of space is uurino a 
thermal vacuum test, and in the survey a large number of 
people said the only test they aid use the actual flight 
batteries, the designated flight batteries, was during 
thermal vacuum. 

Llf course the other reason, or major reason, 
against is the batteries could be oarraged in test. r4ost of 
you cre familiar with the horror stories of the test area 
and junction boxes and the various hclds and whatever that 
go on auring vehicle testing, particularlv on the first 
vehicle in a series. So you’ve qot to trade off tne 
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handling and the installation problems with the data that 
you’re goina to gaiil. 

Finally, perhaps one of the strongest reasons is 
battery relatea data can be collected in subsystem testing 
yhere you actually do have access to the batterv with hard 
wired cbnnectors as opposed to, on a spacecraft, where 
you’re counting; on telemetry through some kind of a data 
accjuisition system. This is much, much safer from a battery 
standooint. And in rnost cases use of the ensineering test 
model? will give you all the test data that Vou need. 
lhere’s really no need to use fliqht batteries. 

(Figure 29-b 1 

lhe Program Enqineerinq lechnical Guide ends up 
with three basic recommendat ions: 

lhe first one is not to use batteries designated 
for flight aurinc vehicle systems testin? except to provide 
zbsclutely necessary data. 

The second is using space cuality batteries for 
tehicle systems testing. lhis coulo be engineering moaels, 
it, coulo be qual. models, it could be any otrler Sattery but 
r;ot the actual aesignated flight batterics. They coula be 
fliC:/lt type, fliqht ouzlity or fliqhl conficuration. Each 
oifferent orcani7ation tises different words for the same 
%hinn. 

And the i’inal recommendation is install flight 
ljatteries at the last practicable tirre nrior to launch. If 
nossible install them at the launch pad, if YOIJ have the 
facilities. If not, install them just before s!>ippinq. 

Any questions? 

DISCUSS IOK 

ZENDEE (‘Tel esat Canada) : The result of a31 these 
hise comments is Floyd’s comment to me in the hall that I 
wasn’t qivinq everybody enough static agein this year. 

I./d like to make two commer.ts: 

First of all, it’s my old one, that once again I’d 
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like to say that limitino cost is rather selfish. Let’s 
oive Jim Dunlop 100 percent error in his calculations. 
Let-/s say it’s only six months that you will degrade -- you 
will lose six months of performance et a cost of around .-- 
what: -- let’s say 50 million projected over an eiqht Year 
period. That’s arnortizino it off at about ten million a 
year; in half a year it’s worth five million dollars. I ‘rn 
quite sure GE woula like to sell us E five million dollar 
battery for test purposes. It’s stupid. 

i;iILDEN: iriell, the funny thing is in some of the 
older proqrams when you’re uealinq with program office 
people set very adamant when you talk aoout -- you 
know, my God, you coulo extend the thinq so many months if 
you’d only give us $100,000. You’ve been there. 

[$ga)EE: Oh, I know I’ve b.cen there. Re’re flying 
c couple of them too. 

;IENDEE: The other thinq is you made a comment 
there -- and validly so -- install flight batteries at the 
last practical time prior to launc!-;. In my rather 
o’iscroanized paoer of a couple of years ano I showed that 
also tictivation datt! had a large effect on my end res!llt. 
And I can suite readily envision people buying a lot of 
cells, or several lots of cells, for the systems testino and 
flight, puttinc the flight aside. I say you’re also 
probablv coina to be qivinc: up something doino it that wav. 

/;y recommendation is that you probably at least 
Ectivete your batteries at the latest possible time so that 
you can verify that they’re oood batteries, have a 
fall-back, et cetera, and then install them on the 
satellite. 

h\ I LD EI;I : Amonq the 1 5 or SC vi eworaphs that Gerry 
twistea my arm over, one of them says there’s a three year 
maximum activation time at time of launch, preferably two 
ye&l-s. 

tjpki‘iDt;E: Yes, preferably as little as possible. 

Gerry, \/o~J shouldn’t have cone that. You see, I 
took ur; the time anyway. 
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MILDEN: Also, in terms of the activation, what a 
lot of programs where you've got several vehicles will do is 
they'll give the cell vendor the order and they'll release 
the procurement in staged fashion so that you get them ac- 
tivated at the latest possible point. 

FORD (Goddard 1: I guess I have a little bit 
different perspective on that activation date than you do. I 
think I heard somebody talk about this afternoon batteries 
had been activated 38 months or something before launch. I 
think once you get over the hurdle of this problem we’re 
talking about in terms of use in integration, certainly that 
becomes another factor. But until wc get program managers 
off their adamant positions, as you n,entioned, and get them 
to recognize that they are taking -- and I think Jim is 
being conservative at one year -- 1 think for every hour 
they’re on the spacecraft tefore launch it’s at least two 
hours you’re qoinq to lose in orbit. That’s our experience. 

There’ s thin(?s that go on durinq this integration 
period that are not common to NiCd cells in a space 
environment. And I think if vou go back to the OAU life 
test that was run and reported over E period of five years 
here, we saw Jeoradation mechanisms in what we refer to as 
intermittent years that don’t show UF unoer cycling. So, 
YOU know, I don’t think there’s any cuestion. And your 
nrocrar9 manaaer, your old program is very right --- people, 
the-older they qet the harder they are to change. Just 
remember that. 

STEIfJHAilEH (Hughes 1 : My recommendation is that 
the customer, the end user, if he wants to system test 
batteries, bring money. I think they can go on at the Cape 
or the launch site. There’s one thing -- And I think all 
portions of the test programs at the system level can be 
accommodated with test batteries with one possible 
exception: The availability of dynamic balancing facilities 
at the launch site and the utilization of those facilities 
at the Cape. It may be difficult. lhose batteries may be 
needed just before it leaves the manufacturer to get proper 
balancing. 

MILDEN: lhat’s an interesting point. Hopefully 
these documents will be used by -- rJel1, Floyd’s comment is 
really to the wrong group. 1 mean we’re all convinced here 
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that you've got to minimize batte.ry use and you’ve got to oo 
all these good things. 

By providing some kind of E standard document 
hopefully you can go back to your rnanaqement and say, ‘Hey, 
guys, here's a document we can argue from.' 

HENDEE (Telesat Canada): I'd like to back up 
Floyd just - I'm close, I'm in between the two of you guys. 
I saw about a one-to-one degradation; if you got them two 
years in advance, knock two years off the end. 

DUNLD? (C3QSAl) : Other pecple responoed to that 
question here besides me, I’m sure. 

One comment: One thing you might want to add, if 
you're going to have batteries around for two years or three 
years, you might also add how you're going to store those 
batteries if you're not going to put them in the spacecraft. 
And I'm sure that's something that a lot of people are 
working on right now. 

:i: I LDEY : kinrls ten to plus five deig-ees C. 

DU NJ-O? : That’s in your -- 

lilILDEN: Yes. 

i)ilNLO?: Okay. 

KASTEN : Since I was ttle one that presented the 36 
month battery that we launched, we went throuqh an exercise, 
1 guess it was about a year qo, where we were cornino uo and 
launching a vehicle that our 5atteries v:ere really !::ettino 
old. Ihey were all 3d months and olcer on r:,ost of them. Ancl 
we did ao tl)rouqh quite an exercise vith our cr!stomer and we _~ 
did finally make some orooram chanoez. Vie ended up ordering 
five new batteries from GE -- we gave, 1lelmut some more 
business -- for rep1scemEnt batteries for our vehicles thet 
-- we’re scheduled to J.aunch one in December ‘i!:l and that’s 
ooino to have newer batteries on. 

;iJeJve also compromised in c’ur test flow. i’le are 
now putting the batteries on j u s t, nr:‘or to thermal vat, 
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which should cut down the test time to about five months. 
Eut we’re also finainq out that when we’re proaucinq -- If 
you’ll recall, one year in ‘78 we launched four vehicles. 
Uuring that time our test people were very busy. Things 
were going through the test flow very rzpidly. Nhen t hsy 
don’t get very busy this test time tends to stretch out, 
especially at the beginninu. You’re always vlaitinc; for that 
one last box. And 50 what you ?lan on nine months ends 1.1~ 
to be 18 months? plus either the launch vehicle isn’t ready 
or something else. 

So usuelly after thermal VFC in our experience 
things are flowing fairly fast. So we have compromised In 
installinq our batteries just prior to therm71 vr?.c, mairllv, 
aaai n, because of some of t,he reasons Vol.1 iI?C?nt i,r?nerl: G!JT 

therr~~Iel people like to set t.!-.oE;c b,-.tt.eries 0’1 the vPhi.cle 
and balancing and all cf tt:nt stuff. 

The Gth?r thinq, when WC st3r9 our ‘rztteriss qr)w 
pie kind of caved in %o people on the ottlet- sicie of town, 2 P.5 
w e are shorting tllem. 

iine thii7q 1 cliress you h;ive to watch out ior when 
you store the batteries, thOlJgh, is to riC.1.e sure vcu cjcrl’t, 
end up storinq them at the tempersttlre that your therm.?1 
switches are Closed at beC?USe then ~01-1 can erlti u:, 2ETWin: 
-- or endinq up with a permanent set in your therms1 
switches if you do heve thermal switches on the b,=lt:eries. 
Ihat’s somethinq to consider. 

DUNLOP (COMSAT): I really can't resist this. 
There was one other comment I made to you in that letter 
regarding nickel hydrogen batteries, and I think the comment 
was that in the nickel-cadmium battery the major problem is 
temperature - or one of the problems was temperature and an 
uncontrolled temperature and a degradation of separator 
material. The nickel hydrogen battery, the types of sep- 
arator materials that are typically used are really rather 
insensitive to temperature and there's a good likelihood 
that with the nickel hydrogen battery you wouldn't have - 
you could go back to the original old program office idea 
of using that battery through ali the spacecraft integration 
testing. 

MILDEN: Well, Jim, what I did as a result of 
your letter and about three others, all of whom are nickel 
hydrogen users, was to add the works "nickel-cadmium" to the 
title of the program guide. We've got to make room for n&w 
technology. 
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Program Engineering Technical Guide 

Mil Stds / Specs 

l IN-HOUSE DOCUMENTS 

. FORMAL LISTING OF GOOD PRACTICES 
. LESS FORMAL - MORE DYNAMIC 

. COMPLIANCE DOCUMENT FOR IMPOSING REQUIREMENTS 
. DOCUMENTS ENGINEERING OR TECHNICAL DATA 

. NORMALLY DOES NOT CONTAIN DESIGN DATA . CAN INCLUDE DESIGN HANDBOOK INFORMATION 

l PROVIDES TECHNICAL BASIS FOR PROCUREMENT 

Figure 29-l 

. PROVIDES A CONSISTENT TECHNICAL APPROACH 

Figure 29-2 

Nickel-Cadmium Battery Usage Practices 
for Space Vehicles 

Use, of Rechargeable Flight Batteries 
During Space Vehicle Testing 

l ESTABLISHES REQUIREMENTS 

. COMPLIANCE HELPS ASSURE PROPER PERFORMANCE 
FOR NiCds DURING SPACE MISSIONS 

l COMPLIANCE WITH HANDLING PROCEDURES 
WILL MINIMIZE DEGRADATION 

. DEFINES TERMINOLOGY TO BE USED . RECOMMENDATIONS 

Figure 29-3 

. SURVEY OF PRACTICES 

l DISCUSSION OF USAGE 

Figure 29-4 
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Survey of Practices 
USE OF FLIGHT BATTERIES DURING SYSTEMS TESTS 

USE OF FLIGHT BAllERIES DURING SYSTEMS TESTS 

ALL PROGRAMS MILITARY 

NO USE 13 5 

THERMAL VACUUM ONLY 7 5 

ALL SYSTEMS TESTING 8 3 

-ii ii 

. OLDER PROGRAMS USED FLIGHT BATTERIES FOR ALL 
SYSTEMS TESTS 

. TREND IS TO MINIMIZE USE OF FLIGHT BATTERIES 

Figure 29-5 

Survey of Practices 

REASONS GIVEN AGAINST USE OF FLIGHT BATTERIES 
IN SYSTEMS TESTS: 

SECONDARY BAlTERIES HAVE A LIMITED LIFE 

ONLY THERMAL VACUUM TEST ENVIRONMENT 
IS SIMILAR TO SPACE 

BAllERIES MAY BE DAMAGED IN TEST 

BAllERY RELATED DATA CAN BE COLLECTED 
IN SUBSYSTEM TESTING 

@ 

Figure 29-7 

Survey of Practices 

REASONS GIVEN FOR USE OF FLIGHT BATTERIES 
IN SYSTEMS TESTS: 

. COLLECTION OF BASELINE DATA IN ACTUAL 
VEHICLE ENVIRONMENT 

. VALIDATION OF THERMAL INTERFACE 

l DISCOVERY OF EARLY FAILURES BY USING 
FLIGHT BATTERIES 

. USE OF SAME BATTERIES IS A LOW 
COST OPTION 

0 Al 
Figure 29-6 

Recommendations 

DO NOT USE BATTERIES DESIGNATED FOR FLIGHT 
DURING VEHICLE SYSTEMS TESTING EXCEPT 
TO PROVIDE NECESSARY DATA 

USE SPACE QUALITY BATTERIES FOR VEHICLE 
SYSTEMS TESTING 

INSTALL FLIGHT BATTERIES AT LAST PRACTICABLE 
TIME PRIOR TO LAUNCH 

Figure 29-8 

363 



Battery Storage and Handling Battery Storage and Handling 

. >45 DAYS, STORE 

. 01 SCHARGED 

. SHORTED 

. -10" TO +5OC 

l CONDITIONING AFTER STORAGE 

. C/20 FOR 40 F 4 HRS AT 22” ? 3°C 

. C/2 TO l.OV/CELL, AVERAGE 

. 10 RESISTOR ACROSS EACH CELL 
FOR 116 HRS 

l SHIPPING 

. DISCHARGED AND SHORTED, EACH CELL 
OR AT BAllERY CONNECTOR 

. ON OR OFF SIC; -15” TO +3O”C 

l 30°C EXPOSURE MINIMAL 
510 DAYS, 14 HRS PER DAY 

Figure 29-10 

Battery Storage and Handling 
Figure 29-9 

Battery Storage and Handling 
l TRACEABILITY FROM ASSEMBLY TO LAUNCH 

. CONTINUOUS TRICKLE CHARGE l CELLS ACTIVATED > THREE YEARS 
ARE NONFLIGHT 

. BATTERY TO BE AT 527°C 

Figure 29-12 
. OPEN CIRCUIT PERIODS 

. MINIMIZE NUMBER 
On Orbit Operations 

. MINIMAL DURATION, 5% HRS 

. RECONDITIONING 

. EV<JRY 45 t 3 DAYS IN USE 

l CHARGE CONTROL BASED UPON DEVELOPMENT TESTING 

. WITHIN 30 DAYS OF LAUNCH 
l MINIMAL HIGH RATE OVERCHARGING 

l TRICKLE CHARGE TO AVOID STAND LOSSES 

Figure 29-11 Figure 29-13 
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On Orbit Operations 

. RECONDITIONING 

. GEO, PRIOR TO EACH ECLIPSE SEASON 

. MEO, VARIABLE PERIODIC BASIS 

. LEO, MAY NOT BE POSSl BLE 

l DOD AND CYCLE LIMITS 

. TO BE BASED UPON GERMANE DATA 

. 5” 2 5”Cs;.MINIMAL EXCURSIONS 

Figure 29-14 

On Orbit Operations 
l DATA 

. BATTERY AND INDIVIDUAL CELL VOLTAGE 

. BAllERY CURRENT 

. BAllERY TEMPERATURE 

Figure 29-16 

On Orbit Operations 

. OVERTEMPERATURE BACK-UP PROTECTION 

. 532°C 

. SWITCHING TO REDUCE 
OR TERMINATE CHARGING 

. BATTERY ISOLATION 

. CHARGE CIRCUITS 

. LOAD 

Figure 29-15 

Development Testing 
l NOMINAL AND FAILURE MODE CASES 

l FOR EACH APPLICATION OF A NEW BATTERY DESIGN 

l FOR EACH NEW APPLICATION OF AN EXISTING DESIGN 

l FOR EACH NEW SUPPLIER OF AN EXISTING DESIGN 

Figure 29-17 

Development Testing/ Charge Control 

l MINIMUM CHARGE RATE AND RECHARGE RATIO 
TO MAINTAIN RATED CAPACITY THROUGHOUT 
THE MISSION 

l PARAMETER CHARACTERIZATION 

a nv 

a AI 

l AT 
. DESIGN MUST ADDRESS CONTINGENCIES 

Figure 29-18 
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Development Testing/ Charge Control 

. EXCLUDED AS PR I!9.1RY METHOD 

l THIRD ELECTRODE CELLS 

l COULOMBMETER CELLS 

. SINGLE TEMPERATURE SET POINT 

Figure zc! -9 Development Testing/ Life 

l ACCEPTANCE TESTED FLIGHT-TYPE BATTERIES 

l ELECTRICAL AND ENVIRONMENTAL CONDITIONS 
EXPECTED DUR ING SIC OPERATION 

l THERMAL PROFILE CHARACTERIZATION 

l REAL TIME ho acceleration) 

Development Testing/Thermal Vacuum Figure 29-20 

l FLIGHT-TYPE BATTER I ES 

l THERMAL CYCLE TEMPERATURE MONITORING 

l BAllERY HEAT TRANSFER VALIDATION 
Figure 29-21 
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EFFECTS OF THE MODE OF STORAGE ON THE CAPACITY 

FADING OF THE SINTERED NICKEL ELECTRODES 

B. Vyas and M. P. Bernhardt 

BeJ 1 Laboratories 

I guess my talk is a continuation of the last talk 
yesterday where we tried to set up guidelines as to how a 
battery should be used and .not misused. And one of the 
topics we ended on is how should we store these batteries? I 

I’m going to talk about the storage problem. 

In the guidelines, one of the recommendations 
being made is that the battery should be stored before 
launch onto the satellite in a discharged mode at a low 
temperature of minus 5 to 10 degrees Centigrade, and in the 
shorted condition. This is rather .eerly in the morning to 
try to tell you to put this up. 

This work will show that it should be stored at a 
low temperature, but we should probably store the batteries 
in the open circuit condition rather than the shorted 
concition. 

This work is a systematic investigation of the 
effect of temperature and the two conditions of storage, 
shorted and open circuit. 

The impetus for this work was that cells 
from the manufacturer and the capacity which we measured on 
the cells bsfore testing were lower than what were measured 
by the fabricator at their location. The understanding is 
that there was in some manner a loss during storage and 
shipping from the manufacturer to our lab. 

Other investigators have also observed such a loss 
and so we wanted to understand what .is happening during the 
shipping and storage. 

Getting back to this business of shorted and open 
circuit, if you look at the literature, the open literature 
at least, there is no systematic work, or very little of the 
effects of storage, although there is a lot of work on 
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capacity fading due to cycl.ing. 

In talking to the people who. have been .in the 
business for years I gather the impression that 
cells are stored in the shorted mode partly for safety 
reasons, partly out of folklore, and partly what I call 
scientific judgment, which is really just good guesswork. 

Howe ve r , in this first attempt at looking at the 
systematic study of this sort, we found that maybe that is 
not the best .way of storage. 

Now a simple thought experiment on the cell, what 
could go wrong during storage, is thet there are three main 
components in there, the positive nickel electrode, the 
negative cadmium, and the electrolyte, and either of these 
three may not be where they should be, and that would cause 
a loss. 

The cadmium electrode -normally you have a lot more 
caamium, so a loss cannot be at least found due to that 
e1ectrod.e during the shipping and storage period. Thes.e are 
positive limited electrodes so the loss would be due to a 
loss in these positivie electrodes rether than the negative 
electrodes. 

There is a possibility that the electrolyte is not 
where it is supposed to be, but if we assume for a moment 
that does not happen, then the main culprit would b-e the 
positive electrode. Therefore, we decided to study the 
sinter.ed nickel electrode alone and the effect of storage on 
it. 

All these tests were done on s.intered electrodes 
in flooded cells, so we do not have the complication of a 
shifting or loss of electrolyte or the complication of 
changes in the negative electrode. 

(Figure 30-t 1 

This is just a slide of the experimental 
condition. We used a sintered nickel electrode. All the 
work I’m going to report today is on electrochemically 
deposited by the aqueous process. And I have recently done 
some .on chemically deposited plates obtained from GE and 
they show a similar phenomen0.n. In fact the rate of 
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degradation is faster in them, which probably will be 
clearer as I get to why this loss occurs. 

It is then stored flooded in 30 percent KOH during 
the discharge condition, and at three different 
temperatures, 22, -- that,‘s room temperature .-- 60 degrees 
Centigrade and 80 degrees Centigrade. We have not done. any 
lower temperatu.res. However, we do have a program of doing 
real ce.lls at lower temperatures, of the order of IO 
degrees. 

An.d they were stored in two modes, shorted or open 
circuit. 

After storage they were taken out, cooled down to 
room temperature, and all cycling to measure the capecity 
was then at room temperature. 

lhese were done at two rates, C/10 and C rate. 

When you take the electrode out after storage and 
cycle it, the first cycle always gives you a very low 
capacity but the capacity comes back to a nom.inal value in 
about three cycles, and we normally gi.ve it five cycles. 
tihat I’m going to show as a capacity loss is the initial 
capacity minus the capacity of the fifth cycle. 

This loss or this recovery in the five cycles is 
of the order of IO percent of the loss, ‘just to give you an 
order of magnitude. But at all stages you do get a much 
lower capacity in the first cycle, and it flattens o.ut in 
about the fourth or the fifth cycle. 

Another important point listed here is that the 
capacity measured here is the capacity out to one volt. 
That is the useful capacity as far as the satellite 
application is concerned, and that’s all the capacity that’s 
being measured. 

So this is a very simple test, nothing very 
complicated. 

(Figure 30-2.) 

Here is shown a loss of capacity as a function of 
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time of storage. Starting at zero, all these plots are 
normalized and we stored them for one day, then thr.ee or 
four days, over the w.eekend, and subsequent stages of seven 
days and .th.ey were given five cycles in each stage. 

One thing to note which we don’t have a very good 
understanding of, after one day I didn’t plot the point 
but after three days, the first two point, the capacity is 
the same or slightly higher than what they started with. I 
don’t have a good explanation for that, but that’s an 
observation I guess that should be kept in mind, after which 
you see a .loss in capacity. 

As we look here, you have the first one which is 
open circuit at room temperature, the next open triangles 
are open circuit, 60 degrees, and the .circles here are open 
circuit, b0 degrees. 

The function of temperature in the open circuit 
condition, the loss of capacity, increases with the increase 
in temperature. The same thing happens with the shorted 
electrodes. The first one is room temperature shorted, then 
60 degrees shorted, then 80 degrees shorted. 

So two things: The shorted electrode showed a 
higher rate of loss than the open’circuit electrodes. And 
second of all, there’s an increase in both modes with the 
increase in temperature. 

Another point to be pointed out: 

These lines are just drawn to show an indication 
that the rate of loss is changing. It really does not mean 
that the rate of loss is linear. It was just shown to make 
it clear, and I’m not sure if that’s an important 
implication. It could be. 

(Figure 30-3) 

This is now showing the same effect, a loss of 
capacity again, with time of storage at a C rate of charge 
and discharge which is 340 milliamps. Most of these are 
around three to four hundred milliamps capacity electrodes. 

Again you see that the first three are for an open 
circuit condition, room temperature, 60 degrees, 80 degr.ees 
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Cent igrade, and the next three are for the shorted 
condition, room temperature, 60 degrees and 80 degr.ees. 

Two things2 .Again here you s.ee a higher capacity 
initially, and .then you see a general degradation as a 
function of time. Again there’s an in.crease with an 
increase in temperatur.e, and under all conditions, the 
shorted electrodes show a much higher rate of loss than the 
samples stored in the open circuit condition. 

Comparing the C/IO charge to the C/2 discharge, 
which is the nominal rate used in most satellite type of 
work, and the C rate, which was really done to accelerate 
the process., this is a very simple but boring and mundane 
experiment, and we thought probably we could accelerate it 
by this. 

But we see that the rate does have an effect on 
the loss of capacity. I don’t have an absolute 
understanding of this. However, it could be rationalized in 
terms of the polarization. There’s a change in the 
structure and the electrode sees the polarization effect and 
therefore at higher rates, it cannot give back the capacity 
that it can at the lower rates of charging and discharging. 

form. 
All this can be quickly summarized in a table 

(Figure 30-4) 

Here again you have open circuit and shorted at 
the two rates. This is the initial capacity and this is the 
loss after 25 days, and again you see an increase in temper- 
ature in all three cases, and also the shorted condition shows 
a much higher loss than the open circuit condition. 

This one here should be 18.4 and not 14.6. 
(Indicating.,) 

So the next obvious question which all bosses tend 
to ask their people is, is this r.eal? Is this an artifact 
of the experiment? And second of all, can we revive this 
electrode? 

And so .we tried to do two ouick experiments to see 

371 



if we could. 

After the 25 days, these electrodes were further 
cycled with 400 percent overcharge. Three to five m.ore 
cycles were given, with 400 percent cvercharge. And you see 
in the two electrodes which were under the open circuit 
conditions, this is the resultant loss from the initial. 
It’s only 1.7, which is within the error bar, really. So 
most of the capacity which was lost in these 25 days has 
been recovered for these two electrodes in the open circuit 
condition. 

However, in the ones which wer.e store.d in the 
shorted mode, this has only gone from 14.8 to 12, and 42.3 
to 37 ..b. So the ones which were shorted, it seems that they 
“,o,c;ot recover very easily while the open circuit one comes 

. 
Another way of trying to recover this is to just 

continue cycling under the same mode for a longer time, and 
after 25 cycles, again yo.u see the ones which were open 
circuit, most of it comes back, while the ones that were 
shorted, ther.e is no change. 

So I think we have a reasonable amount of data to 
say with a re.asonable amount of confidence that electrodes 
which are stored -- at least the sintered positive electrode 
stored in the open circuit mode does not lose much capacity, 
or at least they can be recovered, while the one which is 
shorted is dead for you. 

So the next question arises: Vdhy is that? And we 
find out what changes are operating in the electrode to lead 
to such losses. 

(Figure 30-5 1 

The f.irst clue comes in this voltage 
charge/discharge curve. This was taken after 18 days. I 
tried to plot this as close to as it comes off from the 
graph paper, but this is kind of normalized, so don’t take 
the absolute value but just to show the general trends. 

The dark line here is the voltage curv.e of the 
initial electrode before storage. This is room temperature 
open circuit; this one here is 60 degr.ees open circuit. This 
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one is room temperature and 60 degrees shorted. 

Two things come clear, the same thing here. 
Ihere’s a lower loss in the open circuit one than in the 
shorted one....... 

Two things to note here is that the shorted ones, 
both of them, show a higher end-of--charge voltage than the 
open circuit one, which may be one indication that one is 
degrading worse then the other. 

But in either case what we did is after we 
discharged this, we had a cutoff at shout .4, and all of 
these came back to open circuit. We decided to discharge 
this at the C/10 rate at 30 milliamps, and you see that most 
cf the capacity is recovered at the lower voltage. 

In this table is shown the two capacities. When 
you add the two, 400 or 415 compared to 4Oti initially, what 
that plot shows you, and the table, is that all the capacity 
isn’t dead, it’s just that it cannot be realized up to one 
volt. 

So one thing can be easily concluded. The 
material is not lost physically. It is not out of the 
electrode. It is also not just loosely held in the pores. 
It’s all there. You just cannot get it out due to some 
polarization effect. 

So the immediate conclusion is that there’s a 
change in the structure of the active material which is 
causing this loss. And how can we study that? 

We have initiated a program to look at the 
structure of the active material by )(.-rays, and do some 
systematic, electrochemistry-like pulses and polarization 
curves, in an attempt to understand what’s happening to the 
active material during storage. 

This work is rather preliminary. ALL the results 
are not here. 

In the short time left to me I would just like to 
give you a few polarization curves which, to me, look like a 
landscape view of what may be happening to these electrodes 
as e function of time, and speculate with you what may be 
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the mechanism of this loss. 

(Figure 30-6) 

I guess all of you are quite familiar with this. 
This is the current-versus-voltage curve of the electrode. 
The same experiment is done. The electrode is taken, 
stored, taken out. Instead of doing the charge/discharge at 
constant time we now run polarization curves. 

This is the charge. We see the double peak. This 
is oxygen and this is the discharge peak. This is a typical 
curve obtained from most electrochemically deposited 
electrodes. And the scan rate is .05 millivolts per second 
so it/s reasonably slow. This is on sintered electrodes. 

(Figure 30-71 

Now as we store it and then take them out ana run 
polarization curves, this is what you see in ten days. You 
see a shift, both in the charge and the discharge. What is 
really important, what this tells you, by the potential you 
can get an indication of the structure of the materials, so 
you see that peak maximum here shifts slightly, on the order 
of 5 millivolts. 

Second of all, the second peak, which is a sharp, 
clear peak, has now become rather vaoue. Also on the 
discharge curve, this one has shifted and you now have a new 
peak. 

(Figure 30-S) 

If you do it further for 25 days, the second peak 
now starts growing while the first one is decreasing on 
discharge. And again here you see a slight blip, and the 
second peak is totally lost to you. 

(Figure 30-9) 

You carry on this further, and this I guess was 
after 65 days, you could see that the original peak is 
totally lost to you. You just have the secondary peak. 

And also on top if you watch you have a double 
peak of this sort. This is the curve on the charge. 
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So if you have a totally distinct peak like that, 
that means there’s a new phase, and so we said, Okay, the 
material is probably going through a phase transformation 
from this alpha to beta and gamma ana all that kind of 
stuff, and if you look at the literature, it is known that 
the beta-nickel-hydroxide to beta-nickel-oxi-hydroxide, the 
potential for that is higher than the gamma-to-beta or 
alpha-to-gamma react ion. So this shift in the positive 
direction could be due to a structure going to the beta 
form. 

If that is true we could check that by now 
overcharging this electrode for a very long time because we 
know if we overcharge a beta-.nickel-hydroxide at a high rate 
for a very long time, w.e ten convert the beta to gamma. That 
could be a quick check for that, and we did do this after 65 
days. 

Aft.er 65 days you started here. You only listed 
this one peak and then this complex peak here. 

Then we overcharged it at the 4 C. rate for 16 
hours, an overnight charge, and then ran a discharge curve. 
This was the original discharge curve, and now YO\J get a 
curve, this one, out over it. So this potential has shifted 
over to the original position and you get a much higher 
capacity, too. So that was the first indication, yes, maybe 
this is beta, and by overcharging it you can convert it back 
to gamma which would shift the potential back down. 

On the subsequent charge you get this curve here 
and again, the double peak here is your discharge curve. 
So it shows that this heavy overcharging can convert it to 
a gamma phase, but this is not a stable phase, and on a 
subseauent regular kind of charge anu discharge you’re going 
to s ee a double peak. 

So what I./m leading to is that whatever structure 
you start with, you’re now faced with a change in the phase 
of that active material from maybe an alpha to a beta form, 
and a beta form which is really what I have called a 
beta-prime, which cannot be overcharged any more. 

That case is for what was stored in the shorted mode. 
1 forgot to mention that. here is a case, what happens 
along a similar time sequence. 
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Many more polarization curves, by the way, were 
built up. I’ve just shown a few for clarity here. 

Ihis is the case of a similar experiment done but 
the sample is stored in the open circuit condition. Again 
here, this is after 20 days compared to the first IO days. 

.You see the same thing happening, a second peak, a 
shift here, and a loss in this secono peak. 

You go to 65 days. Again you see the second peak 
is growing at the expense of the first one. 9ut if you 
compared the shorted one for 65 days, this lower potential 
peak was totally lost. Only the second one existed. 

So what this is saying is that the same nh.enomenon 
is occurring in both these electrodes. However, the rate at 
which it’s occurring in the shorted electrode is much 
faster. 

Now if the second peak is really a beta, and this 
is unstable material, if you do not oo into overcharae, then 
you should only get a second peak. ihat’s a second check of 
whether this kind of transformation is taking place. 

And that is what we have here, where we took the 
electrode as soon as it comes down to its minimum, we 
startea discharging it and not letting it go into 
overcharge. And there you see just E higher 314 potential 
discharge, again showing that that material is beta. 

If yo.u don’t take it to overcharge you don’t see 
the gamma transformation. 

So this kind of gives you a first-order indication 
of the kind of changes in the active material. 

(Figure 30-l 0) 

This I took from, I think -- I’m not sure -- 
Toumy’s old work where he shows all the possible reactions 
in a nickel positive electrode. And you have the 
alpha-to-gamma electrochemically depcsited, the chemical 
beta-to-beta during overcharge. We have gamma and it can 
discharge straight to beta. 
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What all this is now telling us is that the 
electrode now forms a beta form. If it-/s initially the beta 
form it can go to beta-nickel-oxy-hydroxide when the old 
charge goes to gamma. That’s what gives you higher 
capacity. Now you have a material which will only go to 
this reaction, not to this reaction. 

I think I forgot to mention one thing here. 

If you now measure the cepacities under here, this 
capacity, after 65 days, is about 30 percent less than what 
you had initially. If you now overcharge it and measure the 
capacity over here, it’s about 5 percent more than what you 
started with, which again tells you that the literature says 
that not only is there a phase change but there’s an 
electron change. You normally just have about e .O to a 1 
electron volt change from the beta-nickel-hydroxide to 
oxy-hydroxide. However, the gamma form is probably a nickel 
4 plus. You normally have about 130 to 160 percent increase 
in charge. These changes in capacities are of the same 
order of magnitude. 

(Figure 30-I I) 

So we have now a total picture showing here that an 
electrochemical plate which, when you deposit it -- it’s 
probably alpha -- goes to a beta, but still works. lt can 
go into the gamma form during overcharge, but on aging it 
becomes into an inactive beta/which cannot be easily 
overcharged, and that is what leads to a loss in cepecity. 

That the first form. That should give you 
automatically about a 30 percent loss in capacity. 

Beyond that, the beta’ protably just grows in size 
and it becomes more difficult to polarize. 

This period, which will only be checked thoroughlv 
once some extra analysis is done on these other materials in 
there, although the electrochemistry does seem to indicate 
what is happening. 

So now to summarize, I think we’ve shown clearly 
that there is a capacity loss; it increases with increasing 
temperature of storage, and the rate of capacity loss is 
larger for the shorted electrodes than the electrodes stored 
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at open circuit. 

This I think is the most important result of this. 
1 would appreciate comments as to why people do store them 
under shorted conditions. 

This is a proposed mechanism of what may be 
happening to the active material which is leading to this 
loss. 

This is just a word of caution, that the results 
from these flooded cells should not be dir.ectly translated 
to a starved cell. However, the same kind of trend is going 
to occur in a cell, and we’ve done a similar systematic 
storage test on cells and a similar loss does occur. 
The numbers are not the same but the same type of rate does 
occur. So that’s something that has to be kept in mind. 

And finally, it just says as a result of this we 
can recommend that nickel-cadmium or nickel-hydrogen cells 
should be stored at low temperture, rriayoe minus 5 to IO 
degrees is the right range, and also as far as possible, in 
the open circuit condition rather thE.n the shorted 
condition. 

ROGERS (Hughes Aircraft 1: PIhAt is inactive beta’? 
Is that som.ething you’ve seen, or is it lust an explanation? 

VYAS: It’s just a term 10\e used. It is whet I 
define as the beta form which cannot be easilv over-charged to 
the gamma state. You need a tremendcrrs high overcharge for 
it. Ihat’s all. I define that as the inactive beta’ form. 

If yor_r take a chemical plate which is beta known 
-- and we’ve done this experiment - and go through a 
polarization, show where a charge/discharge is transformed 
to the gamma form, if you now stored the chemical plate, vou 
cannot overcharge it into the gamma form. So that’s what I 
have called as an inactive or a beta’. 

Now what the structure is, I think X-ray will 
probably tell us. 

KUNIGAHALLI (Bowie State Ccllege): Can you tell 
me the size of the electrode that you use, and what is the 
size of the electrode that you use, End what is the number 
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of cycles maximum number of cycles it underwent? 

VYAS: The first charge/discharge, the loss in 
capacity, they were l-1/2 by l-1/2 inches by I think 28 
mils thick, having a capacity of about 300 to 400 milliamps. 
And initially they were given ten cycles, then go through 
the storage stages at various times and at each storage it 
was given five cycles. 

If I understand your question correctly, we had 
the same probl.em. When you’re doing a test like that, the 
time of cycling should be shorter then the time of storage; 
otherwise, the test has no meaning. And the time of cycling 
was much smaller than the time of storage. That's an 
important criterion in such a type of a test. 

KUNIGAHALLI: My second question is did these 
nickel electrodes contain any cadmium, -- 

VYAS; No. 

KUNIGAHALLI: -- what is usually referred to as PQ 
treatment? 

VYAS: All these electrodes are nickel containing, 
most of them-- I think all the resu3ts I’ve shown todav are 
5 percent cobalt. I’ve done some work with IO percent 
cobalt but no cadmium or any other additive. 

KUNIGAHALLI: One more question: 

During the discharge you used a C/IO rate for 
discharge? 

VYAS: No, that was the second step. We did a C 
rate discharge, then followed by a C/IO rate discharge. 

KUNIGAHALLI: Have you tried any higher rates of 
discharge in these experiments? 

VYAS: The other electrodes were done C/IO charge 
and C/2 discharge. 

KUNIGAHALLI: Did you observe any reaction to the 
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1.oss of capa.city? Did you observe any voltage drop? 

VYASJ Well, if you look at that plot, I tried to 
get data on what is called the mid-discharge voltage as a 
function of cycling. However, that data does not come out 
very systematic. You have changes in the cadmium electrode 
and things of that sort, and the result is not very g.ood. 

But I want to point out on those polarization 
curves where you see a double peak, if you now do a 
charge/discharge with respect to a mercury-mercury oxide 
reference electrode, you can see in the case where you have 
only a gamma peak, discharge at the lower potential and 
almost flat; however, in the case haling a double peak, you 
see a more sloping discharge curve --if that’s what you.‘re 
trying to ask. 

You have to do the test carefully in a flooded 
cell. With a cadmium electrode, it-/s difficult to 
distinguish the change in this mid-voltage. 

KUNIGAHALLIr I think why I asked this, you may be 
aware of the recent paper of Craig Mcore and Bernard, et al. 

They have studied the nickel-hydroxide electrode, and 
after a large number of cycles it has shown a voltage drop 
in the plateau. 

And I was wondering whether you did observe any 
such plateau during the discharge of these- 

VYAS:. Yes, every now and then since we have a 
cutoff at point 4 you’ll see a secondary discharge plateau 
at about .,S, .7, depending on the rate of discharge. Those 
results are similar to bernard’s work, and it’s quite 
possible that the changes occurring may be similar, although 
not the same, during cycling and storage. 

This work not only deals with the immediate 
problem of how to store cells but may lead to a better 
understanding of what’s happening in this mysterious nickel 
electrode. But there is no contradiction between the two 
works. 

KUNIGAHALLIt Thank you. 

380 



REICHMAN .IECD) 8 I would like to know the charge 
that you measure under the voltogram.1 Is it the same charge 
that you measure during the discharge and charge experiment? 

VYAS: The voltogram samples were smaller. Ihey 
were 2 centimaters by 2-1/2’centimeters since my 
potentiostat would only give off one amp. But a quick 
calculation of measuring the area under the curve is of the 
same order. But they have not done E charge/discharge on 
the same electrode as such, and these experiments are still 
continuing. 

At the end we hope to match that with a chemical 
analysis-- 

RE ICHMAN: And what was the scan rate that YOU 
were-- 

VYASI .05 millivolts per second. 

REICHMAN: Thank yoi~. 

SCHULMAN .( JPL): Would your work have any 
implications as far as deep reconditioning is concerned? Do 
you have any thoughts on that matter: 

VYAS: I’d just like to abstain from answering 
that. It’s a touchy business, and the work is still in 
progress. I guess I’ll just wait until it’s complete and I 
understand everything about it. 

But yes, absolutely, it doss have important 
imp1 icat ions. 

HENDEE (Telesat, Canada): I’m sure I missed it, 
but the state of charge of your open circuit cells was what? 

VYAS: State of charge? 

HENDEE: 100 percent, 0 percent? 

VYAS-t They were discharged-- All the electrodes 
were discharged, and we have a diode cutoff at .4, and the 
electrodes do show a sharp knee, so that’s the condition. 

HENDEE: Okay. So your open circuit is 
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effectively discharged the.n for the storege. 

VYASt Yes. 

HENDEEr Thank y.ou. 

VYASI If you’re trying to imply, the material 
probably does have some capacity in there. 

HENDEE: Yes. 

GASTON (RCA): I think you are aware that most of 
our experience has been somewhat different. For the last 
decade or so we stored them discharged and shorted. 

My question is how come I haven’t seen any 
capacity loss on my cells? And I think a lot of other 
people might not have seen a capacity loss either by storing 
them shorted. In other words I’m not quite convinced by 
your work. Now whether it’s unique or something special, 
I’m not convinced that I will see the capacity loss in my 
cells because I haven’t seen it. 

VYAS: As I said, I think 1 tried to emphasize 
that temperature plays a very important role in this, room 
temperature. If you011 look at the shorted and the open 
circuit, the difference in about a month of storage is of 
the order of only 4 percent. 

So if you are et the lower temperature as far as a 
practical application is concerned, you may not see a loss, 
but the results do seem to suggest that there is a 
difference when you go through a whole random matrix. 

We have seen losses in cells which are shipped to 
us. Others have done that, and they are mostly shipped 
shorted. So there is a loss. 

There is also a loss if you store them in open 
circuit for a very long time. I think there was a paper in 
the late ,‘7Os suggesting that, too. So there is a loss. 
But temperature is a very important factor. 

GASTON: Well, it’s pretty well standard procedure 
at Aerospace to store them at 0 degrees C, so that’s the 

382 



range where you store them. 

Now are your results based on cylindrica.1 ceJls, 
prismatic cells.? Are they commercial type cells.? 

VYAS: Prismatic Aerospace. 

GASTON : Your results are somewhat unique and also 
different from what NASA .had observed several years ago. 

VYAS: We have a program now to try to study this 
on real cells. That’s why I pointed out we have to be 
careful in translating the electrode work to a cell. But I 
feel quite reasonably confident that you’ll s.ee similar 
stuff if a systematic kind of work is done. 

I’m not aware of a systematic work on the cell 
where they tried to really study it. If there is any I’d 
like to know. 

GASTON I I just wanted to caution people somewhat 
on the recommendation not to switch over immediatly. Ihis 
may be just-- 

VYAS: I absolutely agree, and that’s why it was 
underlined out there. 
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SINTERED PLAQUE CHARACTERISTICS 

H. Vaidyanathan 

COMSAT 

The positive electrode degrades in performance 
with cycling in a nickel-hydrogen battery, and this limits 
the battery cycle life. This degradation can be traced to 
several structural and operating parameters in th.e battery, 
and, most importantly, the quality of the sintered p1aqu.e. 
Therefore, COMSAT Laboratories have initiated a positive 
electrode R&D program which encompasses all aspects of 
fabrication and characterization. 

As a first step, we are focusing on the sintered 
plaque . Our objective here is to identify a manufacturing 
procedure in which we can have the meximum control of the 
process parameters. We are also explorina several ways to 
characterize the sintered plaque so that improvements can be 
compared. 

By way of background, the structural 
transformations occurring during sintering is illustrated in 
the first slide. 

(Figure 31-l) 

Now, as you know, the startina material is the 
Into nickel powder. And there are two kinds of powders: the 
type 255 and the type 287. The Into nickel powder has a 
very characteristic spikey structure, and it has an 
irregular crystal structure, too. And these powders have a 
size, in terms of diameter, of about 2-l/2 micrometers and a 
density that ranges from half a gram per cubic centimeter to 
one gram per cubic centimeter. 

When this nickel powder is roasted under a 
reducing atmosphere, at about 600 to 800 degr.ees C. the 
rounding of the particles by surface diffusion takes place. 
The second step is consolidation of these rounded particles, 
which occurs at SO0 to 900 degrees C. 

If the sintering is continued and the temperature 
is raised, these rounded particles form clusters. If a 
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properly sintered plaque is viewed .under a scanning electron 
microscope it will present the appearance of clusters of 
spherical particles. 

Now, if the sintere.d plaque is oversintered, and 
then it .is cooled, then there is some plastic flow, and this 
plastic flow results in a shrinkage. Not only that, the 
plastic flow create5 some necks in the sintered matrix. It 
has been shown in the literature that the necks are very 
brittle. So predominant necking in a sintered plaque is an 
indication that the plaque has lower strength. 

There are some empirical relations regarding the 
parameters during sintering, and they are illustrated in the 
next slide. 

(Figure 31-2) 

These empirical relationships should be considered 
in addition to what has been published by Falk and Salkind 
in their battery review. 

The important parameter we have considered is the 
density of the compacted powder before sintering. There is a 
relationship in the sense that the rztio of the volume of 
the pores after sintering to the volume of the pores before 
sintering is a constant. And it is e constant for a certain 
range of values for the density of the compacted powder. 

Now the second relationship is, there is a 
deviation from this constancy, and that begins with increase 
in closed porosity. 

The third is that, if the censity of the compact 
is increased, then the strength of the sintered plaque 
increases. And as the density increeses, the porosity 
decreases. 

In addition to all this, if you introduce 
additives to the nickel powder, as you do in the slurry 
process, such as carboxy-methyl-cellulose or oolyor, then 
that disrupts the normal densificaticn. Or, in other words, 
it disrupts the shrinkage during sintering. 

Now, if you consider the other parameters like 
temperature and time, increasing the sintering temperature 
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increases densif ication, or it decreeses porosity. 

Now, expansion of the pores occurs if the 
isothermal sintering time is increased. This normally 
doesn’t happen in the battery plaque, because the sintering 
time is about twenty minutes. And you can actually observe 
expansion only if the time exce.eds one hour. 

Now, in order to illustrate the first point, I 
will show you a graphical relationship. 

(Figure 31-3) 

Here is a literature plot of the ratio of the pore 
after sintering to before sintering, plotted against the 
density of the comoact. The dependence of the porosity and 
strength on temperature and time also is dependent on where 
we are looking at in this curve. Most of the relationships 
apply only if you are in this plateau region. 

Now, I should say that these empirical 
relationships will help in selecting a set of process 
parameters to produce the sintered plaque. However, there 
is no physical theory to explain the phenomena of 
densif ication. 

On the basis of these relationships, we evolved a 
procedure to make the sintered plaque, and, as you know, we 
had a choice between the loose powder procedure and the 
slurry procedure. We selected the loose powder procedure for 
reasons which will be obvious during the course of my 
presentation. 

The loose powder procedure consists of using a 
sintering furnace, which has tonal heating. And this is a 
conveyor-type furnace, which we acquired. 

(Figure 31-4) 

This slide shows the scanning electron microgram 
of the 255 powder at a magnification of 15,000. As I 
mentioned, this nickel, powder has a characteristic spikey 
surface. The driving force for the sintering is the excess 
surface energy of this powaer. 
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First .we produced an experimental plaque to see 
the effert of temperature on t.he microstructural 
characteristics. 

(Figure 31-5) 

This is a sintered plaque produced by the loose 
powder procedure in which we purposely reduced the 
temperature to 800 degrees C. And, as I said, a properly 
sintered plaque exhibits rounded particles, whereas this 
sintered plaque still retains some of the angular features 
particles. And this an example of incomplete sintering. 

(Figure 31-61 

This is the scanning electron microscope picture 
of an optimized sintered plaque, which was produced by the 
Comsat procedure. And this consists of rounded particles, 
several of them. And the particle diameter when measured is 
about 3 micrometers. And sometimes some of the particles 
join together. And, even here, the diameter does not exceed 
more than 7 micrometers. 

This micrograph does not show any long necks, and 
it does not have the so-called t’clumpingU’ which you observe 
in an improperly sintered plaque. 

(Figure 31-7) 

We compared the microstructural characteristics of 
the Comsat sinter with those we pur,chased from a vendor. And 
this plaque is produced by the slurry procedure. As you can 
see, this shows predominant necking. There are several 
necks in the sintered plaque, and we have observed such kind 
of necking in all the plaques produced by the slurry 
procedure. 

Now, as I said before, necking is a source of 
weaker strength in th.e plaque. In order to prove our point, 
we studied .the fracture mechanics of a sintered plaque. For 
this, we examined the slurry process plaque, and then we 
fractured it by pulling it in a direction perpendicular to 
the surface. And we modified our scenning electron 
microscopic procedure and used.the stereo scan in the SEM. 
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(Figure 31-8) 

Now, ,when you use the stereo scan, you necessarily 
take a stereo pair. And that stereo pair is examined, which 
gives a thr.ee-d.imensional view of the fracture. This is 
one of the pairs in that stereo pair. And here is the 
fr.acture. And this is part of the neck. And this particle 
is actually below this one. And here, also, the neck broke. 

Now this proves that necking decreases the 
strength in a sintered plaque. 

Now another microstructural characteristic we 
considered was the occurrence of macro voids in the sintered 
plaque. 

When the sintered plaque is exemined, or 
the cross section of it is .examined under an optical 
microscope, sometimes you observe large voids. 

(Figure 3 l-9) 

This is the cross section of a slurry-produced 
sintered plaque. We took a sample of the slurry plaque, and 
then mounted it, potted, ground, oolished, and viewed it under 
a microscope. And this at a magnification of about 60. 

Now you can see several large voids in this. And 
the largest dimension of some of these voids actually 
exceeds a tenth of the thickness of the sample. And there 
are several of them. And, in addition to that, the slurry 
process plaques have got clumping; the particles are 
agglomerated, which gives a non--uniform porosity. 

Now, this can be compared to the loose powder 
plaque. 

(Figure 31-10) 

This is the cross section of the Comsat loose 
powder s inter. There are no large voids, and the porosity 
is uniform. This is actually the substrate, which is 20 X 2 
mesh. 

Now another structural characteristic of the 
sintered plaque is the compaction at the eages. Sometimes 
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when the slurry plaque is examined .under a microscope you 
will see some compaction. 

(Figure 31-.I 1) 

.This is the microscope picture of a slurry process 
plaque which is showing compaction at the edges. both the 
edges show compaction. Compaction is not desirable, since 
during electrochemical impregnation the active materials do 
not penetrate fully if there is compaction. 

(Figure 31-12) 

This slide shows the cross section of the loose 
powder plaque. There is no compaction, end the distribution 
of the particles is uniform. 

Now, our objective in this detailed 
microstructural characterization is to re.late the 
microstructural characteristic to the mechanical strength of 
the sintered plaque, which, in turn, can be correlated to 
other failure mechanism on the positive electrode, such as 
blistering and sw.elling. 

The next characteristic we examined was the 
microgeometrical characteristic, and a geometrical analvsis 
of the sintered plaque can be made using a mercury 
porosimeter. 

(Slide, not available) 

The mercury porosimeter gives 2 relationship 
between the volume of the mercury in cc’s per gram with 
respect to absolute pressure. 

(Figure 31-13) 

This is the graphical result of the mercury 
porosimeter experiment. And here the penetration volume is 
plotted against, actually, the absolute pressure, from which 
we calculate the pore diameter. 

This is the conventional wry of describing the 
pore size distribution in a sintered plaque. However, if 
you view it--- this is actually an integral curve, and the 
analysis of the data can be simplified further by taking the 
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derivative of the penetration volume with respect to 
logarithm of the pressure. Now, such a plot is shown in the 
next slide. 

(Figure 31-14) 

This curve shows the distribution of the pores, or 
the population of t:le pores in a given range of diameters. 
Or we can also view the derivative as the volume 
distribution function and the figure becomes pore spectrum. 
In the Comasat sinter, most of the pores have size which is 
9 micrometers. 

Now the height of the peak is proportional to the 
population of the pores with that di2meter. In actuel 
practice the median volume pore diameter is slightly 
different from the pore diameter at which most of the pores 
occur. 

Now, even here the analysis of the data is 
incomplete, since we really don’t know what is happening in 
this range of pore diameter, at the higher and the lower 
end. 

Iherefore we replotted the first curve in the 
following manner: 

(Figure 31-15) 

This shows the percentage Fore volume with respect 
to pore diameter, and from which you can calculate several 
data, and those are shown in this figure. And this shows 
that, for example, the 90 percent volume pore diameter and 
the IO percent volume pore diameter, as well as the median 
volume pore diameter and porosity. 

These data can be compared to the data obtained 
when you use a slurry process plaque. 

(Figure 31-16) 

Here is the porosimeter first curve which gives 
the relationship between penetration volume and pore 
diameter. 
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.(Figure 31-17) 

This gives the derivative curve. Here we can see 
the difference between the loose powaer procedure and the 
slu rry procedure. Here the peak is not only truncated, but 
has a wider range. The distribution of the pores is 
inferior in the slurry process plaque. 

(Figure 31-18) 

Here I have compared the percent volume per 
diameter, the IO percent190 percent median, and porosity. 

The next slide summarizes all the data. 

(Figure 31-19) 

Here is a slurry plaque, which has a porosity of 
70.6, and we get a median volume pore diameter of I I .7. Ten 
percent of the pores had a diameter in excess of 17.5. And 
90 percent of the pores had volume in excess of 4.5. 

The next characteristic we examined was the 
mechanical strength of the sintered plaque. 

(Slide, not available) 

For this, we used a pull test procedure to determine 
the tensile strength. And in this procedure the sintered 
plaque is pulled in a direction perpendicular to the 
surface. The sample is pulled in an Instront machine, 
and the deflection versus load is recorded. 

(Figure 31-20) 

This slide shows the results of the tensile 
strength data. .llCommerciall’ stands for slurry process 
plaques. They had a lower strength than the loose powder 
plaque. 

The last characteristic we examined was the 
corrosion of the sintered plaque. As you know, the sintered 
plaque is normally passivated before it is impregnated in 
the electrochemical procedure. The passivation is done 
to reduce corrosion during impregnation. 
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Sometimes the plaques do not passivate easily. 
And this has been attributed to the impurities in the 
sintered plaque, particularly those produced using the 
slurry process. 

(Figure 31-21) 

We determined the corrosion of the passivated 
plaque using a procedure evolved at Be.11 Laboratories. The 
procedure consists of immersing the passivated plaque in 
cadmium nitrate solution, and if th.e plaque has a weight 
gain it shows that it is co.rroding. And .if there is no 
weight gain it is not corroding. 

We didn’t have any problem with the loose powder 
plaque. As I told you, this is actually related to the ease 
with which you can passivate the sintered plaque. Where as 
the slurry process plaque gives a wioe spectrum of results. 
If you do not clean the plaque, they corrode. .And sometimes 
it corrodes more. And if the plaque is washed thoroughly 
the corrosion is practically nothing. 

Now to conclude. 

XFigure 31-22) 

We have obtained some experimental results that 
show that the loose powder plaque has properties somewhat 
superior to that produced by the slurry process. And this 
slight edge over the slurry process is not in our 
fabrication procedure, but it is actually inherent in the 
loose powder technique itself. 

So I have summarized the advantages of the loose 
powder technique, in the sense that the densification is 
normal or the shrinkage mechanism is normal, and it is a 
function of only three variables: time, temperature and 
density of the compact. Now, since we are going to deal 
only with three variables, it is very easy to evolve 
sintering parameters to suit a particular application. W e 
can produce a sintered plaque with a lower strength and 
higher porosity or a higher strength and lower porosity. 
The properties of the plaque, such as porosity and 
strength, are predictable. 

Thank you. 
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DISCUSSIDN 

SCHULMAN 4 JPL) 3 What sort of powder did you use 
on these experiments? 

VAIDYANATHAN: 255. 

SCHULMANa Just the Carbonel-nickel? 

VAIDYANATHAN: Yes. 

SCHULMANr Did you try any of the reduce nickel 
powders at all1 

VAIDYANATHANI No. 

LACKNER .(Def ense Research, Canada) 2 On your 
porosity analysis you used a mercury porosimeter. Did you 
try any correlation with a gas analysis, like a BET, which 
is perhaps a little bit more sensitive? 

..VAIDYANATHANt BET will provide you the overall 
surface area. But .what we are looking for is the porosity 
and the distribution of the pores. 

LACKNERI Well, we’ve sort of found that the 
mercury is a little bit of a sledge-hammer approa.ch: it 
could break up the pores, and it either gives a reading or 
it doesn’t give a reading. The slope you have there is very 
sharp. It doesn’t show any spread of porosity. 

VAIDYANATHAN: That is the advantage of our 
procedure. With the loose powder technique one can produce 
a p!aque with a pore distribution which is very uniform. 

LACKNERJ Well, even on the slurry which you 
showed in your electron microscope that had clumping and 
voids, the mercury porosimeter still did have a fairly 
sharp-- 

.VAIDYANATHAN: Yes, it has, if you consider the 
first curve, which merely shows the relationship between the 
penetration volume. and the diameter of the pores. 

Most of th-e curv.es look the same. That is why we 
went and took the derivative of this penetration volume and 
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replotted it. There you can see some difference. 

PUGLISI (Yardney>s You mentioned that -you were 
using screen.4 is that correct? 

VAID.YANATHAN: Yes. 

PUGLISIJ Also I notice in a cross-ssction of the 
plaque you're producing, that the screen is off to .one side. 

VAIDYANATHANI Yes, it is. 

PUGLISIt Do you foresee any problems in the 
impregnation as far as uniformity across the cross-section.? 

VAIDYANATHAN: No, we don’t. 

PUGLISIt And do you foresre any problems with 
potential warpage of the plaque because of the grid being 
off to one side, when you start getting to larger 
electrodes? 

VAIDYANATHANt You mean when the thickness exceeds 
a certain value? Ae may see that. 

PUGLISI: Well , what thickness do you anticipate? 

VAIDYANATHAN: We’re talking about 30 mills. 

PUGLISI: I suspect that you’re going to start 
seeing some warpage of plates, especjally if you stay with 
the grid off to one side. I know the loose powder tends to 
kind of force you to that sort of geometry. 

DUNLOP (Corns at I * The screen was purposely put on 
one-siaed. It can be put in the midcle. 
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SINTERING MECHANISM OF NICKEL PONDER 

600 - 8OO'C ROUNDING OF PARTICLES BY SURFACE DIFFUSION 

800 - 900°C CONSOLIDATION OF ROUNDED PARTICLES 

900 - 1000°C FORMATION AND GROWTH OF CLUSTERS 

1000 - 1100°C PLASTIC FLOW DURING SHRINKAGE WHICH RESULTS 
IN NECKS 

Figure 31-l 

EMPIRICAL RELATIONSHIPS 

1, THE RATIO OF THE VOLUME OF THE PORES AFTER SINTERING (vs) TO THE VOLUME OF 
THE PORES BEFORE SINTERING (‘4,) IS A CONSTANT FOR VARIOUS VALUES OF THE 
DENSITY (Dp) OF THE COMPACTED POWDER, 

2, THE DEVIATION FROM v&p = CONSTANT BEGINS WITH AN INCREASE OF CLOSED 
POROSITY, 

3, STRENGTH OF THE PLAQUE INCREASES AND POROSITY DECREASES WITH AN INCREASE 
IN Dp, 

4, ADDITION OF PORE FORMERS DISRUPTS THE NORMAL DENSIFICATION, 

5, IN,cREASE IN SINTERING TEMPERATURE INCREASES DENSIFICATION, 

6, EXPANSION OF THE PORES OCCURS IF THE ISOTHERMAL SINTERING TIME IS INCREASED, 

Figure 31-2 

1,C 

V&P 

_j 

0 3.0 
Dp DENSITY OF THE COMPACT 

VARIATION OF vs;$p WHEN THE DENSIFICATION 
IS NORMAL, 

Figure 31-3 
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Figure 31-4 

Figure 31-6 

Figure 31-5 

SEM of Sintered plaque at a magnification 
of 5000x. Sample Lot 9/10 eintering 
procedure = slurry coating. 

Figure 31-7 

Figure 31-8 
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cross section of a slurry prepared 
sintered plaque which shows macrovoids. 

Figure 31-9 
Figure 31-10 

Figure 31-11 Figure 31-12 

go.30 
: 
:0.25 
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N 
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0.10 

0.05 1 i ! 

PORE DIRRETER MICRONS 

Figure 31-13 
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Figure 31-14 

Figure 31-15 Figure 31-16 

Figure 31-17 
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TWLE I 

TYPICAL MlCROGEOHETRIfAL DATA -.--___ 

A SLURRY 70.6 11.7 17.5 4.5 

59-2 SL”W7Y 74.8 9.9 16.8 4.4 

SPlRAL 1 SLUIRY 76.4 7.1 13.0 2.3 

COHSAT ‘4.8 LOcE.E POHDER 76.7 8.0 11.3 4.7 

Figure 31-19 

CORROSION OF PASSIVATED PLAPUE --.-- .--.. --- 

SAWLE I.D. X WEIGHT GAIN 

A 14 

B 13.9 

59-s-7 0 

COHSAT 59 0 

TABLE 3 

TYPICAL TENSILE STKIGTH OF SIiITERE’I PW?:IE -I_..- 

SAWLE I.D. TENSILE STREWTH 

C~HHERCIAL - A % 

ConnERclaL - g/10 261 

LhnERClAL - 59-s-4 583 

COMSAT - 58-S 636 

COMSAT - 59 726 

AF 28 

Figure 31-20 

ADVANTAGES OF LOOSE POWDER TECHNIQUE 

Figure 31-22 
Figure 31-21 
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RECENT DEVELOPMENTS IN THE NSWC COMPOSITE ELECTRODE 

W. Ferrando 

NSWC 

Bsf.ore I start .1/d like to credit_ not .only Dr. 
“,u,k;lzeznd Dr. Lee Sut also .U.S.N. Ensign Fred Flight and 

a coop chemical engi.neering student, who are also 
working Gith us. 

There. have been a number of attempts in recent 
years to improve the nickel hydroxide electrode, with 
respect to what we call the thr.ee L’s; longevity, 
light-w.eight, low cost. And this is the continuing story of 
our attempt to do so. 

The objective of this talk is to characterize the 
physical parameters and life cycle data on the nickel 
composite electrodes, which we’ve abbreviated as Ni.C.E. 
electrodes. 

(Figure 32-i 1 

This is a picture of one of our sintered composite 
electrodes fabricated from a pitch-mat carbon fiber. lhe 
nominal uncoated fiber diameter range is 7 to 17 microns. 
It’s a highly graphitized pyrolytic graphite. About .6 to 
.8 micron coating of nickel is deposited on the fibers using 
an electrolysis process. The mats are then pressed between 
two plates and sintered in hydrogen atmosphere for two 
hours, which may be an overkill. 

Concerning the pore size, we haven’t done too much 
aork on this as far as distribution, shape, etc. but we have 
estimated the pore size to be on the order of the fiber 
diameter, 7 to 17 microns. This, of course, depends on the 
compaction. 

As far as the modeling of the pore shape profile, 
there could be one completely open pore through the whole 
plaque, or it could be a bunch of tetrahedral or trapazoidal 
shapes with maybe cycloidal walls. But this remains to be 
seen in the future. 

(Figure 32-2) 
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The next slide shows how we actuadly make the 
plaque and subsequently the plate itself. The graphite mat 
fiber is coated with nickel and then pressed around a grid 
and sintered, producing the plate in the fourth quadrant. 
Shown is the rough comparison of weight. 

We've gone over to an expanded metal, pure nickel 
metal grid. It's easier to fabricate than the homemade one. 

After these plaques are characterized, they are 
impregnated by the Pickett method. Vie've been using ten 
percent cobalt and closely following .his method in 
-"Fabrication and Investigation of Nickel-Alkaline CeJls-~tr 
AFAPL-TR-75-34 (1975). The composite electrodes are put 
into test cells versus commercial cadmium negatives. We 
put enough negatives around them to make sure the cells 
are positive-limiting. The plate size is six inches by 
two and three-quarters. 

We've been testing the single plate cells. I’ 11 
say a little bit about multi-plate cells at the end, but 
we're still in the single plate test phase. Cells are 
cycled in the flooded condition, 31 percent KOH, no 
additives to the KOH, no compression on the cell stack. So 
the electrodes are essentially fr.e.e-standing. tie have a 
bubble around it to prevent the contamination from the air, 
carbon, etc. 

(Figure 32-3) 

I'm going to present about four sets of data, 
cycles versus utilization. There are important parameters 
indicated. 

First a word about cycling. The cycling machine 
we used is continuous cycling, constant charge followed by 
about a ten minute rest, 
cutoff. 

then discharge continuously to.,05V 
The dropped points there are the cycler maifunction. 

So that's a problem with the cycler. We have since corrected 
that in the rest of the data. 

Using the new cyclers, we estimate fluctuation 
error at about plus or minus two percent, to three percent. 
So the fluctuations in capacity noted as cycling progresses 
are real. 
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A couple of features on this: You’ll notice the 
long time, the long number of cycles to get up to the 
plat.eau ut il izat ion. This is a thin electrode, relatively 
thin, 24 mils. This first cell .was dis.charged at two C 
to the 0.5 .cutoff, about a 95 percent DOD. 

For about 80 cycles or so it’s rising up and then 
it reaches about 100 percent uti.li.zation. This is a 
fairly lightly loaded plate. By our standard it’s moderately 
loaded. The amp-hours per kilogram ere given on the right 
side, so it goes up to about 125. 

(Figure 32-4) 

This is- another thin plate, 20 mils. What 
we did on this one to try to get maximum information is to 
vary the rate, the cycling rate. lhe charge rate was set 
et c, 125 percent charge. Out to 4OC cycles the discharge 
rate was C/2. Ihen we began to cycle it with the same 
charge. We ran the cycle at the C rate to essentially 
the failure to see how far the thing would go. 

So again it went up for abcut 100 cycles up to a 
plateau at 100 percent. 

Now, on t!le thin plates we achieved around 100 
percent utilization. At 400 cycles, the C rate discharge 
was employed out to about 750 cycles; I dropped it back to 
C/2 and cycled it at 800 cycles. A partial recovery was 
noteo curing the latter 50 cycles. 

Here I drew two curves thrcuah the data, a rough 
chart of electrode life at those two different rates. In 
other words, approximating the respective electrode lifetime 
profiles. I realize this is not completely valid, but we’re 
trying to get the maximum information to put on the shortest 
time. 

I have two more sets of data. 

(Figure 32-5) 

lhese two are of thicker plates (40 mill. You can 
see the capacity there, 4.9 amp-hours. The cell was charged 
at C/2 rate, 120 percent. Two rates of discharge were 
employed on this cell: C/2 (dark points) and C/5 (open points). 
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You can see this is a higher loaded plate (1.98 
g/cc void. And you can see the utilization is between 
about 70 and, say, 85, 87 percent. At the C/5 discharge 
rate,it reached 175 amp-hours per kilogram. And it stayed 
pretty much of a plateau out to 500 cycles. 

(Figure 32-6) 

It's another electrode, 40 mils, C rate. And this 
one I alterated. I alterated between three different rates. 
The C/5 points are around 200 cycles (the diamond) and then 
there’s one C/5 at 750 cycles. It rises up to more or less 
flat (200-500 cycles) then begins to tail off at a larger 
number of cycles. Similarly for C/2 (dark) and C (open) 
points. You can see the amp-hours per kilogram bare 
electrode energy densities: 165 or so for the C/5, and then 
the C/2 around 160, and then the C rtte about 130. 

I<e learned from this that it takes 100 cycles or 
so to reach maximum utilization, then it goes along, then it 
starts to tail off. 

(Figure 32-7 1 

This is some of Dr. Lee’s data on our thick and 
thin electrodes and a recently obtained commercial one. This 
versus the mercuric oxide counterelectrode shows the effects 
of the cadmium are eliminated in this case. We're just 
looking at the potential of the nickel. 

This is very preliminary deta. This is at the 2C 
rate on these. On discharge, the potential is lower than 
the commercial i but on the thin one, the potential rernains 
quite good, as a matter of fact. Ihe thin one is ten mils 
and the thick one is 40 mils. 

At first we thought we might be able to explain 
this by some morphology changes in the active material or 
structural changes, but possibly it’s due to the differences 
here as a proton diffusion limitation. And we’re going to 
uo more work on this. But you can see, though, that we do 
get the range as far as performance. tie can vary the range 
around the commercial electrode. 
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(Figure 32-B) 

These are the physi.cal char.acteristics of a group 
of electrodes, including the ones thet I showed. Iable I 
aives the thickness. 
Impregnation. 

And these are thicknesses after 
Here are the loadings and the grams per cc 

void and then the amp-hours per kilogram and amp-hours per 
pound loading, and then there's the amp-hours per cubic 
inch, and the C rating and porosities. 

The porosity of these plaques can be varied 
anywhere from 55 to over 90 percent with good integrity, 
I mean a plaque that's usable, because of the fibrous nature 
of the structure. It's an interesting system. We can get a 
very wide range of porosities. We haven't really tapped all 
of these yet. 

The commercial electrode has a thickness 33 mils. 

I want to point out number 97. That's not a fluke, 
amp-hours per kilogram loadings of 2CO without exceeding 2 
grams per cc void are readily achievable. The reason is the 
very light weight of the plaque. You can really load to very 
high levels. To reach a 200 amp-hour per kilogram loading, 
the final plaaue weight must be 3.25 times the initial 
weight. This is virtually impossible with a conventional 
plaque. 

Now the high loadings, of course, aren't the whole 
story. You've got to be able to get it out, and that has to 
do with the utilization. And we're barking on that now 
(Table II). 

(Figure 32-9) 

Ihis is the actual performance, again a whole set 
of electrodes at the different rates around the given cycle 
numbers. This is the utilization to .9 volt. The first one 
is to .5 volt; I wanted to record it both ways. 

You can see that the Ni.C.E. electrode does very well 
in the category of amp-hours per kilogram versus the 
commercial, which was tested along side the rest of them 
under the same conditions. We didn't put as many cycles on 
the commercial one though. Its capacity was slowly 
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decreasing. 

In the case of the comm.ercial one I couldn’t get 
the porosity from the last table. This is nominal capacity, 
the capacity given on the cell divided by the number of 
plates. 

You can see that the Ni.C.E. electrodes are very good 
on the amp-hours per kilogram and still pretty good on the 
amp-hours per cubic centimeter versus the commercial in most 
of the cases. And, of course, the leadings were given in 
Table I. Number 97 has a very high loading. 

Some conclusions on the Ni.C.E. electrodes: they 
exhibit good cycle life characteristics, 500 to 600 cycles 
at C rate, greater than 1000 cycles et C/5 rate at 95 
percent DOD, and usable energy densities under these 
conditions of 120 to 170 amp-hours per kilogram. 

The swelling is minimal for carefully made 
electrodes. After about 150 cycles of the we.11 performing 
ones) swelling from zero to about six percent was observed. 
More careful studies must be done here, however. 

The utilizations are around 100 percent for 
lightly loaded plates. What we mean by lightly loaded in 
our case is less than 1.5 grams per cc void. About 70 to YO 
percent, with the heavier loadings: I .5 to 2.0 grams per cc 
void. An initial region of 150 cycles of increasing 
utilization is followed by slow decay after 600 cycles. 

The initial increasing region might be due to a 
change in morphology in the active meterial, sort of a long 
formation period or redistribution in the pores so that 
smaller pores become useful in the plaque. This is just 
speculation. The slow decay may be conversion to a 
non-active form of active material, or probably more likely 
due to loss of contact with the grid. 

We observe no detectable electrolyte contamination 
due to the presence of graphite. YIle did do a chemical 
analysis on this and found after 200 or 300 hard cycles, 
including even reversals, no detectable carbonate. So that’s 
encouraging. 
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Our final .conclusion is thet the Ni.C.E. 
approach would seem to present real possibilities for the 
future as a method of making electrodes durable and 
lightweight and low cost. 

I might make one comment about the multiplate 
cell. We’ll be reporting on these in the future. We have 
done very preliminary work on an eight plate cell. 
Indications are that we’re getting an improvement of about 
38 to 40 percent over the commercial cell under the same 
conditions. And that’s just with our composite plate in 
place of the nickel hydroxide plate against commercial 
negative. So if we assume the same improvement in the 
negetive plate, we produce our negative plate this way, we 
possibly could get a 75 to d0 percent improvement. But, as I 
say, we’re just beginning to work on this now. 

lhan k you. 

S’ITTEIIMAN ( TsbV 1 : A few comments. 

tine: The theoretical utilization of nickle 
hyaroxioe is about 289 grams per kilcgram, and usually in 
the flooded state you get more than 100 percent because of 
the two electron change, or what have you. So we’re talking 
about 300 ampere-hours per kilogram. 

The best number that you hed was I think about 
204. I guess that was a measured number. 

Now back a few years ago TRW had a lightweight 
cell program and we got comparable numbers using sintered 
nickle plaque, about 83, 84 percent porous, and loaded to 
about I .t3, 1 .9 grams per centimeter cube void. So I don’t 
understand your comparison to the standard. I don’t think 
the standard is that far off from our lightweight. The 
standard would be about 50 percent of the weight of the 
standard sintered plaque is active material with a 
utilization of better than 100 percent in flooded 
conaitions. 

And, two -- this is a completely different 
comment. Two is that you say you found no CO2 in your 
electrolyte. but you also stated that you were bubbling gas 
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through the electrolyte, I believe, to protect it against 
CO2 formation from th.e air. 

FERRANDO: From the air, yes. 

R ITTERMAN: Okay. 

I don’t quite understand your system. Isn’t it 
possible the very fact that you bubble gas through caused 
any formation of CO2 to also be dissipated? 

FERRANDO: What we did was we just allowed the gas 
products to come off through a bubbler. It was like a 
one-way valve, so that the air wouldn’t go back into the 
electrolyte. That’s what I meant by bubbler. We’re not 
bubbling any gas through the cell. 

ii1 TTErlMAN: I see. 

FERR ANDti : It’s just on charge. It’s just to 
prevent -- it’s like a one-way valve, essentially. 

RITTERMAN: Okay. 

Because you will be forming C02. Obviously I 
would think you would be when you go to an overcharge 
situation and you.‘re putting back 125 percent of what you 
put out. So you are gassing oxygen off that graphite 
electrode. 

RAKPEL (General Electric): I think all your 
characterizations and utilizations were based on C/2 charge? 

FERRANDi3: Some C rate charge and some C/2. 

RAMPEL: Okay. 

FERRANDO: Most c/2. 

IIAMPEL: What would it look like at ten hour rate 
charging, C/IO? 

FERRANDO: The lowest I’ve ever charged it at is 
C/5. Usually I understand that these types of cells don’t 
a0 very well at C/IO. I think there’s an optimum charge 
rate on these. I don’t know what it is exactly. 

410 



RAMPEL: Okay. Thank you. 

THIERFELDER (General Electric): You listed 120 
ampere-hours per kilogram. I was wondering how you arrived 
at that number. Did that include hardware and you just 
projected that, o-r how did you arrive at 120 ampere-hours 
per kilogram? 

FERRANDO: Okay. That’s the bare plate with just 
its own tab, and based on dry weights, based on initial dry 
weights, excluding any kind of shedding or anything. We saw 
on the well performing electrodes very little shedding, I’ll 
say half a gram, maybe half a gram. 

KUNIGAHALLI (Bowie State Ccllege): I have one 
comment to make. 

In our experience of analyzing design variable 
cells made by GE nearly after one year of cycling about 5.800 
cycles we haven’t seen any swelling in the positive plate. 
So 1 would say it is too early to speculate that there is no 
swelling just after 100 cycles. 

FERRANDO: I agree. 

KUNIGAHALLI: The second observation is that 
carbonate contamination also, it’s tco eerly to say because 
be have only tried at about 100 cycles -- or 800 cycles, I 
mean. So the temperature and rate of charge also could 
contribute. 

FERRANDO: Your cycles were 95 percent DOD and at 
the C rate or -- 

KUN IGAHALL 13 No. 

FERRANDO: --- or at C/2? 

Yes, because it makes a difference. 
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Figure 32-1 Figure 32-2 
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“Ni. C. E.” PHYSICAL CHARACTERISTICS 
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Figure 32-8 
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CORROSION IN NiCd CELLS 

C. Badcock and J. Galligan 

Aerospace Corp. 

The first thing I want to point out is this really 
should be corrosion in the terminals of nickel-cadmium 
cells; that’s what I’m going to talk about. 

Prof. Jim Galligan from the University of 
Connecticut was working at Aerospace this summer, and 1 
asked him to examine the terminals in the cells. My 
understanding is when we had problems in the past with 
terminals it was in the ’60s and this problem was corrected. 
Now we're doing fine for missions up to seven years or so. 
But our time scale for using nickel-cadmium cells is going 
out to ten years. 

The question is are we going to have a problem 
with corrosion associated with the longer lives or longer 
application times for present day nickel-cadmium cells. To 
that end we examined two cells. 

(Figure 33-l) 

We took a GE cell. This .cell was approximately 
eight years old. It had about 500 cycles on it. We 
examined the welded areas and the brazed areas on the 
terminals. I p.ictured here the areas that I’ll be talking 
about . 

(Figure 33-2) 

Then, not wanting to be prejudiced in any 
way, we looked at an Eagle-Picher ce3.1 also. And we’re 
looking in this area. 

(Indicating) 

In the welds, we saw no problem at all. There was no 
corrosion evident in any way. So what I’..11 be talking about 
are #just the brazed .areas associated with the terminals. 

(Figure 33-3) 
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What we 0bserve.d ..when we expanded this area, as 
you’ll see, is corrosion down in the .crevice or along the 
line of the braze. This is on the inside of the cell, 
it,‘s not on the outside. And in the GE cell you can see 
that we’re having corrosion forming here and here, the 
little black line. 

(Indicating. 1 

You’ll notice it has a long way to go. 

(Figure 33-4) 

This is the Eagle-Picher cell. The Eagle-Picher 
cell had an unknown number of cycles on it, but it was 
approximately five years old. And according.ly it shows 
somewhat less, but still the same type of corrosion, crevice 
type corrosion at the interface betwren the stainless steel 
material, the nickel material and the braze. 

So we conclude that there is some corrosion taking 
place in these areas. The next thin9 we tried to do is 
we looked at a higher magnification. 

(Figure 33-5) 

You’ll notice here we have some pits and voids, 
indicating some pit corrosion, again not extensive but it’s 
occurring in the range of five to seken years. 

(Figure 33-6) 

What we really concluded from this work is that 
with the welds, there’.s absolutely no problem. They were 
clean, no interaction at all. There was corrosion of 
crevice ty,oe in the brazed .areas and some pitting was 
evident betw.een the braze and the base material. 

Finally I guess the most important thing is I 
don-/t think we see any problem that this is going to give us 
up to ten years or more in a nickel-cadmium cell. The 
corrosion is going too slow. 

But I guess the other thinc I would like to point 
out and suggest is let+ not forget about th.e problem. 
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Thank you. 

DISCUSSION 

VYAS (Bell Labs): Do you see a difference betw.een 
the rate. of corrosion or t.he amount of discoloration betw.een 
the positive and the negative terminals? 

B ADCOCK f We looked at this, obviously we had some 
other pictures too. No, we really didn’t see much of 
anything that would suggest that. It’s ‘just corroding at 
that interface. The strongest correlation was that the 
Eagle-Picher cell was not as old as the GE cell: nothing 
else. 

gold? 
STOCKEL (CUMSAT) : Chuck, was the, braze nickel 

BADCOCK: You know, I thought so because I’knew 
the specs on these cells and it called out nickel braze. 
But when we did ion microprobe on these -- 1 should mention 
we did ion microprobe on the interface too, mostly we wanted 
to SEE if there were any contaminants. And other than a 
trace of magnesium which got into bne of them we saw 
nothing, except that I cidn’t see a peak for gold either. 
hhat I saw was silver and palladium. I’m not so sure I 
understand this. 3 expected to see nickel gold braze 
because they were built, you know, ‘73 and on and I thought we 
were using only nickel cold braze at that time. 

Maybe Guy Rampel could comment on that. Is that 
what we are using? 

(Laughter. 1 

I was sure surprised when 3 looked there and I 
aidn’t see a gold peak in the ion microprobe, but I saw a 
lot of palladium and silver. 

RAMPEL (General Electric): We’re using nickel 
golo. We had used other brazes, maybe at the time of the ce 11 
you were examining, I’m not sure. But we’ve been using 
nickel gold now for quite some time. 

BADCOCK: Yes. 
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I went r.unning down to look at the color of the 
braze right after this that we had on some brand new cells 
that we got, and the color looks the same. The braze is 
oold colored. But I didn’t s.ee a gold peak, so that’s why I 
didn’t mention what I thought the gold from the bra.ze was. 

RAMPEL: We’re getting charged for gold. 

(Laughter.) 

fast. 
BADCOCK: The corrosion is there but it,‘s not very 

DYER (Bell Labs18 One of your micrographs seemed 
to show a two-phase system in the braze. Is there some 
galvanic attack involved here perhaps? 

BADCOCK: I really can’t answer your question. I 
oon’t know. I would suggest that there is a slight amount 
of it. 
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Area Examined: GE Cell 

20 Y h\ClALlOGHAPH 

Area Examined: EP Cell 

20x niETAtLOGRA"!! 

Figure 33-2 

Delamination of Brazed Joint: GE 

lixlr 

Figure 33-3 
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Pitting Attack in Braze: EP 

Figure 33-4 

Voids or Pits Between Casing Material and Braze 

Figure 33-5 

Conclusions 

l WELDED JOINTS SHOW NO CORROSION 

. CREVICE TYPE CORROSION WAS FOUND AT BRAZED JOINT AREAS 

. SOME PITTING WAS EVIDENT BEIWEEN BRAZE AND BASE MATERIAL 

l CORROSION IS VERY SLOW AND APPEARS UNIMPORTANT BELOW 
Xl’% FOR CURRENT MISSION DURATIONS 

Figure 33-6 
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TRIBUTE TO LOU BELOVE 

I. Schulman 

JPL 

This will be really unrehearsed. There are no 
vugraphs. And this is certainly nontechnical. 

I would like to ask this forum to join with me in 
paying our respects to one of th.e gients of the industry, 
Lou Belove, who died since the last Eattery Conference. Lou 
holds e unique, a very special position in this industry, 
and I felt that it is only correct to have this recorded in 
the proceedings. 

Many of us, Harvey Seiger, Ri tterman, Frank 
Alliegro, Guy Rampel, who certainly have worked very closely 
with Lou, know of his contributions. But there are many, 
many new faces, and I always feel thet they may know him 
only as possibly some reference that they saw way, way back 
in the mid-‘50s when he did publish many of his papers. But 
he was more than that. And for their benefit let me just 
review to a certain extent some of his accomplishments. 

Lou developed the sealed nickel-cadmium cell. That 
in itself is a tremendous accomplishment. He did it because 
Lou wouldn’t listen to people who said it couldn’t be done. 
Ke ciidn’t understand that statement, that it can’t be done. 
Lou would try anything. And so the first 
cylindrical sealed cell he rolled up on a pencil. 

He developed the first cylindrical cell that flew, 
and I’d say probably the next four or five types of 
cylindrical cells that flew. 

He worked on the first commercial sealed cell 
which was made on a Sears-Roebuck lathe in Port Chester, New 
kork. 

He also worked on the first rectangular sealed 
cell. He was the innovator. He’s the man who started it 
all. He recognized the importance of the seal. He was the 
first one to use a ceramic-to-metal seal. They leaked like 
taps. but he started it; he started the whole thing. 
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He defined the first separrtor to be used, which 
worked. And, by the way, the first separator was Wattman's 
#40 filter paper. That’s what it was. 

I might add that he made what w.e used to call the 
one by one cell, which was one inch diameter, one inch high, 
using hattman’s #40 filter paper, and that ce.11 was cycled 
Et the signal core in a vacuum desiccator because they .were 
afraid that it would go the way that many of them did at 
that time, and so they protected it with a vacuum 
desiccator. The cell was cycled at about a 20 percent DOD 
end it went for five years in a LEO cycle. It went over 
25,000 cycles, and these people co.u’lcn’t kill it. 

So Lou contributed so much. He started the 
industry which we’re talking about today. And I felt that 
this man who was a mentor to so many of us, who treated us 
as his colleague all the tirr,e, and certainly was a friend to 
all people, should be remembered at this time because we 
have lost a very fine human being. And I think it’s proper 
that we should acknowledge it at this forum. 

I thank you. 
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A METHOD FOR BATTERY ACTIVATION 

G. Halp.ert and M. TEsevoli 

GSFC 

My paper this morning ~I.11 describe someth.ing that 
we assumed to be fact fora long time. It is the matt.er of 
activating a battery after it has been stored for long 
periods of time. 

?he technique that everyone has used has come down 
through the ages; I'm not exactly. sure who to give credit to 
for that, but it has worked up until now. The method 
involves removal of the short, let it come to room 
temperature, and charge it at c/20 rate for .48 hours. It's 
a time-consuming process, and it involves some heating. 
Until now, we really haven't had too much of a problem 
dealing with that particular technique. 

As a matter of fact, when it came to the Solar Max 
Mission program, the approach was to use the flight 
batteries in the thermal vacuum test for the two-week period 
only, remove them, put back on the test batteries, short the 
flight batteries, send the flight batteries to the Cape with 
the spacecraft, install them in the spacecraft at the Cape 
and activate them (I'm calling this technique activation, 
some people call it conditioning1 in the usual way, C/20 
rate for 48 hours. 

This procedure does involve a bit of heat, and 
with the heat in the spacecraft there's a problem of getting 
rid of same. So we had to blow some cold air in. If you 
;zy;;der that we're running a 22-cell battery, roughly 30 

and 20-ampere-hour cells which we were using at I 
amp, ie have roughly 90 watts being Generated by the three 
batteries running at the same time. Getting rid of the 90 
watts isn't really a terribly difficult problem. 

In the next mission for the multi-mission modular 
spacecraft, the Landsat-D mission, we had planned to do the 
same thing; except now we're dealing with 50 amp,-hour 
batteries, three of them. In this case we have 2 l/2 times 
as much heat (225 watts) to try and dissipate in the 
spacecraft which cannot be done. So it was incumbent .upon 
us to come up with a new procedure for activating the 
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batteries and getting them into the proper condition, 
without going through this long time-consuming, costly, high 
temperature, or high heating overcharge. 

A techique was conceived and Mike Tasevoli from 
our office took two 5-cell packs and ran them through their 
paces. This different scheme works for this particular 
mission and for this particular sequence. And I’d like to 
tell you about it now. 

(Figure 35-l) 

First, I’ll show you a figure of a typical profile 
of C/20 charge for 4.8 hours. You see voltage goes up to the 
oxygen gassing and continues for a while, and you see the 
pressure continue to increase until it levels off. And the 
turning point here, with th.e pressure and the temperature 
increasing, is about 36 hours. The remaining twelve hours 
between 36 hours and the 4.Ghour charge is really just heat 
generation and overcharge: which, as I say, was causing us 
the problem. 

(Figure 35-2) 

We felt that we could use our NASA standard 
voltage limits to be able to help in this regard. You’ve 
seen these before, and I’m just putting them in for the 
record. These are the typical temperature-compensated 
voltage levels that are in the MMS spacecraft in the modular 
power subsystem built by McDonnell Douglas. We felt we 
could use these voltage limits in a similar way for this 
activation procedure. 

(Figure 35-3) 

One of the techniques we thought we could try was 
first starting off at a low rate to remove some of the 
impedance problems, a C/20 rate for roughly eight hours. 
Again, this is not a very scientific test, and we just chose 
some parameters and went through the test procedure. 

We then raised the current level to C/ID for six 
hours. And then we put it on a constant voltage charge at 
our voltage level 6 shown on the previous slide, until the 
current droppea off, to the C/20 rate. 
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(Figure 35-4) 

When you do that, you can see the difference. The 
voltage rises to the voltage limit, which we of course 
maintain. You don’t see the current listed here, but the 
current did drop off until we hit the C/20 rate. We see the 
signal electrode picking up to show that we have some oxygen 
in the cell indicating that the pressure was picking up a 
little bit. The temperature is fairly minimal at this 
particular point. 

(Figure 35-5) 

Now the technique was to take two packs and first 
make sure that they were similar. And this data shows the 
similarity between the packs: the normal standard 
conditioning charge, C/2d for 48 hours, and .the capacity. 
?hese are 50 amp-hour cells. vYe follow that with a one-ohm 
letaown, and then what we call a capEcity .-- and what most 
people call capacity -- charge, C/IO for 24 hours. Again, 
the same type of a charge, where you get a get a lot of heat 
at the end. But normally we measure only 
capacity. The capacity is listed; 5E and 60.9 amperes. 

We did the letdown ano open circuit recovery, and 
then ran a voltage level charge to C/20 taper current, which 
would be consistent with what we would try and do for 
putting a battery in a full state of charqe. And YOU can 
see that we put in a lot less energy and a lot less 
empere-hours, and we have still the capacity maintained. So 
the two packs were very consistent. 

Then we went through the procedure of tryinq the 
aifferent ways of llactivation”. One pack we ,“acti vated,” in 
the same way each time, with C/20 ana 48 hours. And with 
the other pack we tried various methods of llactivation.ll. 
First the C/20 for eight hours, followed by C/IO for twelve, 
then the C/20 for eight hours, C/IO for eight hours, then 
C/5 to voltage limit. Then C/20 for eight hours, C/10 for 
six, and then C/5 to a voltage limit 6. 

In all three cases you can see the capacity 
delivered, 60.6, 60.2 and 60.2 ampere-hours using those 
particular techniques. So we were able to get out the full 
charge. 
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Just to make sure we hadn’t done anything to the 
cells, we put it back on the standard reconditioning .charge 
again, (C/20 for 46 hours) and again we got the 60 
ampere-hours. So it seems we’re at least going to get the 
capacity out. 

!\Iow* what does it do in terms of the voltage on 
the discharge? 

(Figure 35-6) 

Here’s the voltage on discharge for the different 
sequences that we tried. This one happens to be one that 1 
had not listed, but it’s C/5. You can see that the capacity 
is aown. These were discharged at the C/2 rate, and 
therefore two hours is the normal capacity. 

The charge to the voltage limit 5 gave us too low 
a cepecity. The other ones were voltage level 6. You can 
see thet they all maintained a fairly good voltage level. 

But 1 wanted to compare the one that is a plus, 
which is on the lower level here, with the one that’s the 
circle, the circle that’s on the upper level. And you can 
actually see a significant voltage improvement; indicating, 
without a lot of proof, that the battery, or the cells are 
being not only activated to get their capacity up but their 
voltages actually increased when compared with the C/20, 
4tj-hour charge. 

(Figure 35-7) 

Another example. This is e comparison of both 
packs, the control pack and the test pack, both done at the 
4S-hour C/20 rate. And we get the voltage at the bottom. 
+;hen done in the manner I suggested: C/Z0 for eight hours, 
C/IO for eight hours, and then charge at C/5 to the voltage 
limit 6, and then drop off. The discharge gives us the 
higher voltage. 

(Figure 35-8) 

Just to show you a comparison with the actual 
control pack, we did the standard reconditioning of the 
control pack and repeated the same activation techniaue with 
that control pack that had had the sime ordinary activation 
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pr.ocedure. And, again,, you see the voltage level is h.igher 
for the new method. 

So what weive seen previously is a technique that 
has heen used for many years, and I’m not sure who knows .why 
it was started in the first p1ac.e. but certainly a method 
has been described that does three things: it shortens the 
time, especi.ally at the Cape .where we .need the time, and it 
is very c.ost.ly time; .it eliminates the temperature rise in 
the batteries, which we’re very concerned about in terms of 
heating the equipment, .and it turns out that the voltage on 
discharge is -better than wh.en we ran the C/20 for 48 hours. 

Thank you very much. 

DISCIJSSION 

LURIE .(THW 1: Gerry, I believe that most, perhaps 
a large fraction of sea1e.d nick.el-cadmium cells can be 
reactivated after storage, at rates considerably greater 
than 
c/20. 

I think historically the reasan that C/20 was 
chosen is that virtually all of them can be reactived safely 
at C/20. What happens, you can take a bunch of cells, 
reactivate them at C/IO, and occasionally some will show 
anomalous voltage and pressure characteristics. I’m not 
sure anyone really understands it. Lut 1 believe that’s the 
genesis of the C/20 for 48 hours: just uncertainty. 

HALPERT: Thank you. 

OLBERT (Bell Aerospace): Y~ill you elaborate on 
the one short curve, the C/5, that you observed? 

HALPERT The charge was to the voltage limit 5 
and not voltage limit 6. If you go back to our standard 
voltage curves, there’s about a 20-millivolt difference in 
the curves. We-‘re running at 20 degrees. 

When we charge it to the vcltage level 6 
we’re able to get everything in and hav.e the right 
capacity and the right voltage. When we did it to voltage 
level 5 we didn’t get the capacity. 
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II IllI IIIIIII 

THIERFELDER (.GE)J Ge.rry, 
the resistor letdo.wn. 

1 just want t.o ask about 
You say one ohm, and it says 

one-tenth ohm. 

My other question is3 Do you do it for a fixed 
time period, or do you let down with the resistors to a 
given cell voltage or battery voltage? 

HALP ERTt We do it for a fixed period: I think 
it/s overnight, sixteen hours. 

THIEHFELDERI And is it one ohm or one-tenth ohm? 

HALPERT: Mike Tasevoli, is it one ohm or 
one-tent.h ohm? 

TASEVOLI (Goddard): We dia it both. We did a .I 
ohm letdown and a 1 ohm letdown. Ihe difference between the 
two letdowns is insignificant as far as open circuit voltage 
recovery in any additional tests that we did. 

We did let the packs down, resistive letdown, for 
a minimum of 16 hours, after which tjme the packs were 
shorted for a period of one week prior to any additional 
testing. 

HALP ERT: There was a week in between each one of 
these tests, in the direct shorted condition. 

RAMPEL (GE>: I agree with your reasons to avoid 
heat at the Cape, and elsewhere perhaps. But I would urge 
other people to stick with C/20 reconditioning, so that some 
older cells do not develop voltages over 1.50 at room 
temperature and hydrogen evolution. So 1 would continue 
that practice. 

I feel that the charge cutoff could be less than 
4.8 hours, or even 40. But I recommend that you stick with 
C/20 in the fiela. C/5 can be dangerous on some old cells: 
you’ll definitely go over 1.50 on some cells and some 
batteries. 

HALP ERT: As you know, Guy, we did have a voltage 
limit control on this, so we couldn’t go to I .5OV. And that 
voltage limit was very low. 
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These cells did have a significant amount of 
electrolyte. We’r.e on the higher side on the electrolyte, 
as we~‘ve suggested in the past. 

GAS-ION (RCA) f Were those negative electrodes 
Teflonated? 

HALPERT: Yes, they were. NASA Goddard uses only 
Teflonated negatives. 

FORD (Goddard 1: I’d like to make a comment to 
Rampel’s comment. 

I./m glad you qualified that stetement to “all 
cells,-1’ because J/m under the impression we don’t have 
hydrogen generation in NiCd cells any more, based on the 
technology. 

The second point: I think it may be overlooked 
here, and I think Gerry alluded to it., but 1 think there is 
such a thing as activation energy, that nickel electrode 
that we may be looking at, that you’re getting by aoing to 
a higher rate and a higher voltaoe tc enhance the discharcle 
voltage on the cell. 

Now, you know, one of the things we’re concerned 
with, with long life, is maintaining a goou discharge 
voltage. And it’s probably the subjrct we know least aborJt 
in the NiCd. And this is a case where I’ve seen where the 
actual charge regime actually shows some improvement in the 
discharge voltage prior to launch. b:ow the question we 
don’t know, and I think it’s worth lcoicing into, is: l*!i.I1 
this enhance the discharge voltage prrformsnce with the life 
of the battery? I don’t know that. 

BETZ (NRL1 : On occasions \.hen we’ve taken 
non-flight batteries out of storage, I’ve started them 
almost as high as C/2. I bring the toltage up first to get 
the initial peak off, and run them at C/2 for 100 percent, 
and then cut back, just to prevent the voltage from going up 
in overcharge. I haven’t really caused a problem, but 
they haven’t been flight batteries, either. 

R I TTERMAN (TRW 1: I want tc comment on Floyd’s 
comment on Guy’s comment. Guy beat me to it, he asked the 
question I originally intended to ask. 
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But I still think you should be leery in today’s 
cells as well, because what happens when a cell stands 
around for a long time, there is a redistribution of 
electrolyte. And at low temperature especially, if you 
charge above C/20, you’re going to have a possible dry spot 
at the negative electrode and you have hydrogen gassing and 
aispersed voltages. 

BET-Z: If you are monitoring cell voltage would 
you observe that? 

HALPERT: Yes. kou’d be up at 1 .5 volts at a very 
low state of charge. 

BAER: So as long as you’re monitoring cell 
voltage you can avoid hydrogen evolution? 

FORD 8 Just one response tc that. Yes, I know 
what you’re talking about in terms of the initial peak and 
voltage on charge, and the electrolyte problem, yes. But 
with a lighter load plates, more electrolyte, that problem 
should have gone away about five years ago. 
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Figure 35-l 

Figure 35-2 
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RESULTS OF ALTERNATE CONDITIONING 
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COMPARISONS OF DIFFEREN PLATE TREATMENT AND DESIGNS: 

AN UPDATE 

D. Baer 

GSFC 

This presentation is an update of previous 
presentations I’ve given at the workshop, and it’s on the 
continuation of testing of cells with different plate 
treatments and different plate designs. 

The first vugraph is e little reminder of what the 
variables are. 

(Figure 36-l) 

The group number one cells are the control, and 
the basic design is positive treatment is PC, which is 
cadmium in the positive plate, and nc neoati ve treatment. 
The plate loading level was the IIJE. The separator was 
pellon. And we used the present ECT precharqe processes 
present as of 1975. I don’t know if they have made any 
changes since then. And the cell was decarbed. 

These boxes show the variables for the other 
groups, such as; teflon for group twc, silver for group 
three end so on. If you’re interested in any more details 
of the design, it was presented in the 1978 workshop by 
myself, and also in a paper presentec by Floyd and 
coauthored by myself and presented ir the fall 197b 
electrochemical society meeting in Pittsburgh. 

1’31 put this over on the ether vuqraph machine so 
you can refer to it, if you so desire, during the rest of my 
presentation. 

The test regime for these cells was a 90 minute 
cycle with 40 percent depth of discharge and a temperature of 
20 decrees C. The charge rate was 9.6 amps to a voltage 
limit, and we tried to keep 110 to .I15 percent retrjrn, 
although that wasn’t always possible all through the 
testing. The discharge rate was 9.6 amps. 

(Figure 36-2) 
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The next vugraph you’ve all seen the data last 
year, although it might be a little easier to understand 
now since it .was professionally done rather than my 
hen-scratching. It’s the 20 degrees C capacity tests, at six 
month intervals, to I volt. 

The Y axis is a percent of initial capacity. The 
first capacity check was done until the first cell reached 0.75 
volts. Now at that point either cell number one was 
limiting or it was very near depletion, except for 
the 1968 plate old processes. And that’s probably the 
reason why the capacity increases in that pack and 
the rest are going down, at least part of the reason. 

The numbers listed are the cell that was 
discharged for that six month capacity test. Now if 
you’ll notice, at the one year point there are two points in 
most cases, cell number one and cell number two. That’s 
where cell number one was pulled for analysis, which Dr. 
Vasandt will aadress later. 

As I said, part of this was shown last year. The 
trends seem to be the same, except new pack 3I-I seems to be 
the high capacity cells to this 1.0 volt point. Also, the 
ED plate pack there seems to have had a slight increase or a 
little recovery. I might add that they were rather low in 
capacity to start with. It was one of GE’s earlier attempts 
at the electrochemical process, althcugh they still are 
doing quite well. 

If you’ll notice, we're down around 30 percent of 
initial capacity fOi- several of these packs. So if the 
depth of discharge is based on rated, they’d be about 
finished. 

(Figure 36-3) 

The next vugraph is similar, except these are the 
capacities to 0.75 volts. Here most of the packs are doing 
quite a bit better except the 196.8 plate with the present 
processes and the polypropylene pack are rather low. Here 
again pack 3H, which is the pack with no PO treatment, is 
the highest capacity. The control pack capacity is also 
pretty good, and so is the ED plate pack. And the rest of 
the group's capacities have degraded further. 
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(Figure 36-4) 

The next vugraph shows the discharge voltage 
profile during the two year capacity check. It’s an average 
of .four cells to get each c,urve. I ‘just selected four packs 
to give you an idea of the profile. 1 .picked the high 
capacity group and one that was about the lowest -- capacity 
packs, and then a couple in the middle just for comparison. 
I think one of the important things is that the cell without 
the PQ tr.eatment has a higher discharge plateau, especially 
when you get down to the second plateau, and that’s the 
primary reason for having a better capacity to one volt, 
although it does have a better capacity to depletion. 

These others pretty well follow the same trend. 
It’s just a matter of how much total capacity you have in 
the cells. 

(Figure 36-5) 

This vugraph is to show you a Jittle bit about 
what kind of divergence we’re getting at the end of charge 
and the end of discharge. Most of th,em ere around 14,000 
cycles except for the ED plate, which is around 11,000. That 
pack got started a little later than the other ones. 

If YOU look at the first fcur groups on charge 
there is very little difference in the charoe voltage as far 
as divergence. There’s four cells in the pecks now. 

Group five has a little bit of divergence. 

Group six, which is the poly, has quite a bit of 
divergence. 

Group seven again has only a little bit. 

Group eight has very little; however that’s only 
two cells, there are only two cells left in that pack. 

And, group nine has a lot of divergence and there’s 
only three cells left in that pack. 

At this point most of the packs are starting to 
look a little ragged and we’re starting to get some failures 
which 1’11 address on the next vugraph. 
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In the discharge we either have quite a bit of 
divergence or else the voltages are very low, except for 
group five where the divergence isn’t too bad and the 
voltages are holding up good as they are on your group 
seven. You have divergence there but the voltages are still 
up above I .I volts. 

The last column is percent return during the 
particular cycle that I pulled the end points off. Anti it’s 
because of some of the voltage divergence that we’re having 
trouble with the percent return on some of these packs. 

(Figure 36-6) 

The last vugraph shows cells that have been 
removed or failed. In group seven, which is a 1963 plate 
with the old process, the cell was removed very early at 
cycle 248 because of high voltaoe. Likewise, in group eight 
two cells were removed relatively early because of hioh 
voltage. 

This one in group seven, it. was so early in the 
cycling life I just replaced it with another cell. The hicrh 
voltage cell, I think, we probably sh.ould heve picked 1~9 in 
the screening but WE didn’-t. 

We have to remember, though, that these are the 
old style, old design plate, and very little ratio, onlv 
about 1.25 to I and very little overcharge protection. The 
group eight in particular, where we used present precharge 
procedures and criteria. So I feel these cells are negative 
limited on charge, and that’s why we’re having so much 
trouble with this pack in particular. 

Now at cycle 10,200 another cell in group 8 failed 
with low end of discharge voltage. Vie didn’t remove it, and 
it eventually shorted on cycle 10,26E. 

I might add that before we remove a cell we try to 
increase the percent return to see if we can’t get the cell 
to recover. And this one didn’t and eventually shorted. 

Group nine, which is the ED plate, one cell was 
removed for low end of discharge voltage. It went negative. 
1 might add here, though, when we renoved this cell it 
aidn’t really appear shorted. So we recharged it and ran a 
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seven day open circuit stand test. At that point, at the 
end of the seven days, the voltage was I .304 and we got 
almost nine and a half ampere-hours cut to three-quarters of 
a volt. So the cell was not shorted or if it had a 
parasitic short someplace along the line it obviously 
cleared itself. 

The last cell that failed but wasn’t removed yet 
was in group two, at 14,517 cycles tke cell hit the Crane 
failure criteria of .75 volt. We didn’t remove it, we let 
it continue to cycle, and it appeared to recover somewhat 
and it’s now around .9 volt. 

Since this Vugraph was made pack 31 also has had a 
cell that hit the .75 volt limit, but we’re letting that 
cycie since it,‘s probably not hurting anything. We've also 
had some trouble with that pack as fer as high pressures, 
where pressures have gone as high as 100 psia with only 1.1 I 
percent return. 

So I guess to kind of sum it up, the thing to do 
is pick what I consider as the cell that’s giving the best 
performance, and it looks like it’s the group five, although 
the control pack isn’t doing too bad. but the group five 
seems to be the best pack of this program at this point. 

That’s all. Thank you. 
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Q.E. 12Ah CELLS - COMPARISON OF PLATE 

Figure 36-1 

Comparison of Plate Designs and Treatments 
20 “C Capacity Tests at 
9.6 AMP Discharge to 1.0 Volt 
Initial Discharge Until 1st Cell 0.75 Volt 
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Figure 36-2 
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Comparison of Plate Deslgns and Treatments 
20 “C Capacity Tests at 
9.6 AMP Discharge to 0.75 V/Cell 
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GROUP# 
CRANE 
PACKW VARIABLE CYCLEW 

1 30 

2 3E 

3 3F 

4 3G 

CONTROL 

TEFLON 

SILVER 

LIGHT 
LOADING 

14286 

14252 

14247 

14322 

5 3H 

6 31 

7 3J 

NO PO 

POLY 

1968 PLATE 
OLD 

PROCESS 

14152 

14169 

14172 

8 3K 1968 PLATE 
PRESENT 
PROCESS 

13768 

9 3L E.D. PLATE 11365 

EOC VOLTAGE 
HIGH LOW 

1.475 1.474 

1,452 1.440 

1.475 1.471 

1.474 1.472 

1.473 1.455 

1.471 1.425 

1 .a59 1.446 

1.443 1.440 

1.489 1.419 

EOD VOLTAGE 
HIGH LOW 

1.098 1.066 

1.086 0.965 

1.055 1.011 

366 .954 

1.153 1.145 

1.012 .975 

1.166 1.115 

1.049 1.012 

1.11 1.088 

Figure 36-5 

CELL FAILURE/REMOVAL 

CYCLE# 
CRANE FAILED/ 

GROUP# PACK# REMOVED 

7 3J 248 

3K 2008 
2459 

10200 

3L 9022 

3E 14,517 

% 
RECHARGE 

109.0 

111.5 

112.2 

110.7 

107.2 

108.5 

108.6 

103.4 

102.1 

FAILURE MODE/REASON FOR REMOVAL 

CELL REMOVED - HIGH EOC VOLTAGE 
(1.525V) TY P (1.434V) 

REMOVED BECAUSE OF HIGH EOC VOLTAGE 
2 1.52V 
FAILED LOW EQD VOLTAGE 5 0.75V; CELL 
SHORTED CYCLE 10268 

REMOVED FOR LOW EOD VOLTAGE (- 0.17) 

CELL HIT 0.75V EOD, NOT REMOVED 

Figure 36-6 
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COMPARISONS OF DIFFERENT PLATE TREATMENTS AND DESIGNS: 

ANALYSIS 

V. Kunigahalli 

Bowie State College 

For the sake of completeness I would like to give 
some background information about the cells that we have 
analyzed. All the cells have completed acceptance testing 
by the manufacturer, GE, and some cells underwent cycling at 
the NWSC Crane, Indiana. 

The results of the acceptance tests have been 
discussed by Ford and David Baer in a paper which appeared 
in the ECS meeting in Pittsburgh in 1978. 

52 cells were sent to NWSC for evaluation of the 
various design variables incorporated in these GE cells on a 
near-earth orbit test regime. The test procedure and the 
results of the evaluation have been civen by Jim I-larkness in 
the report WQEC/C 79-.I14 in December 197Y. It was 
recommended that these cells be placed on a near-earth orbit 
life test regime. 

(Figure 37-l) 

In February 1979 eight five-cell packs, pack 3D 
through pack 3K, corresponding to group one to eight, as you 
can see on that vugraph, began life test in 1.48 hour orbit 
regime, one hour charge with a voltace limit control at 20 
degrees C, and a depth of oischarge of 40 percent. 

Group nine cells, pack 3L, began life test in 
August 1979 with the same test regime. 

Test parameters: temperature 20 degrees C, cycle 
period 90 minutes, DOD 40 percent, discharge rate 9.6 amps, 
charge rate 9.6 amps to voltage limit. lhe voltage limit 
was set at 1.453 per cell to maintain a percent recharge of 
110 to ,115. 

After one year of cycling one cell from each pack 
was removed and the initial evaluation tests were repeated. 
An update of the results of the evaluation test and the 
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performance of these ce.lls .was presented by David Baer in 
the 1980 Ba.ttery Workshop, and you have just now heard the 
latest update about these cells. 

It was shown that amonq these cells, the cells 
without the PQ treatment performed the best - just now you 
heard that -- losing ab.out 5.6 percent of the capacity in 
one year. The cells with the greatest decrease in percent 
capacity in one year were those conteining polypropylene 
separators. These cells had the highest internal 
resistance, about 4.2 milliohms efter one hour of discharge. 
The other cells ranged from 3 to 3.7 milliohms. 

(Figure 37-2) 

The obljective of this test program and analysis is 
to understand the inf1uenc.e of the design and process 
changes on cell performance and life, and thereby help to 
evaluate the merit or the demerit of each design by 
performing physical, chemical and electrochemical analysis 
of these cells. 

(Figure 37-3) 

The experimental techn.iques that have been 
followed are visual inspection, physical measurements, 
chemical analysis, and, finally, electrochemical analysis. 

A teardown analysis of each cell was carried out 
according to the analysis procedure given in the X document, 
X-7.1 I -.74-279, Revision A. Visual inspection: there were no 
leaks as found by the phenolphthalein test, and the external 
appearance of all the cells was found good. 

On opening the cell it was found that t.he cell 
pack was moist with the electrolyte, the extent varying from 
one cell to another. 

The cell components, the pcsitives, the negatives 
and the separators, could be separated easily from a cell 
pack of an uncycled cell. The separators from the uncycled 
cell were clean and white: in the case of cycled cells the 
separators were stuck to the surface of the negative plates. 

During the removal of these separators from the 
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negative plates invariably a thin layer of the separator 
material was strongly adhering to the surface of the 
negative plates and could not be removed as easily as in the 
case of the uncycled c.e.lls. 

The separators had dark patches due to cadmium 
migration. 

Physical measurements: 

(Figure 37-4) 

The thickness and the weight of each negative 
plate and positive plate was rec.orded after carrying out the 
electrolyte extraction and further drying it in an oven at 
45 dear.ees C. overnight. These are the results recorded in 
Table One. 

These thickness results agree very well with the 
thickness results given in Table I on the other vugraph, 
which are the results of the acceptance test. This first 
column is the positive plate thickness and the second column 
contains negative plate thickness. 5he first value is for 
the uncycled ce31 and the second one for the cycled cell of 
group one, two and three and so on. 

So you can see the positive plate thickness is 
almost the same compared to the oositive thickness given 
there, .069 and .072 cm. Verv little swelling is there, 
about which I am going to discuss. 

There is a very small increase, of about I .5 mil, 
in the thickness of the positive plate and the gain in 
weight of the positive plate is in the rance of .I5 to .349 
for a cycled cell. The weights are given in these two 
columns. You can see from the uncycled cell to the cycled 
cell there is a slight increase in weight in the case of the 
positive plate. 

McDermott observed a gain in weight of about .352 
grams per positive plate in the accelerated test prooram of 
six ampere-hour cells. And he has explained this weight 
increase in terms of corrosion model, meaning that the 
nickel frorn the sinter is turned intc nickel hydroxide, thus 
accounting for the increase in weiqht. 
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There seems to be negligible change in the 
thickness of the negative plate, if you'll compare these 
numbers with the acceptance test results for the negative 
plate. In some cases you will find the thickness is 
slightly more than the results given in the other vugraph. 
lhat’s because after one year of cycling when we removed the 
cells there was invariably a thin layer of the separator 
material sticking to the negative plate. So the slight 
increase in thickness is due to the separator material. 

In some cases of cycled cells slightly higher 
values of thickness is recorded, maybe because the negative 
plates had a thin layer of the separator material sticking 
onto the surface. There is, however, a definite decrease in 
the weight of the negative plate. Tl-,e last column indicates 
the negative plate weight from the uncycled cell to the 
cycled ccl 1 in each group. The range is about .5 to one 
gram per plate, and this weight varies from one group to 
another for the cycled cell. 

(Figure 37-5) 

Summarizinq, we can say with reoard to physical 
changes only, due to cycling that the positive plate weight 
increased and the range is from .I5 to .24 grams, and the 
plate thickness increased from I to 1.5 mils. 

For the negative plate, there’s a decrease in the 
plate weight in the range of .5 to one gram, and there is no 
change in the plate thickness. 

(Figure 37-6) 

Electrolyte analysis. The electrolyte analysis 
and the chemical analysis of the negative plate and the 
positive plates were carried out according to the paragraphs 
five, seven and eight of the earlier mentioned X document. 
lhe results of the electrolyte analysis for the cycled and 
uncycled cells of these different groups are given here in 
Iable 2. 

First column is the weight of the electrolyte 
associated with the negative plate, second column the weight 
of the electrolyte associated with the positive plate, third 
column the same with reference to the separator, and fourth 
column gives the total grams of electrolyte in the cell. 
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The first line refers to the uncycled cell and the second 
line values refer to the cycled cell which has undergone 
5833 cycles. 

The next column indicates the percentage of KOH, 
the percentage of potassium carbonate, and the last two 
columns indicate the milliliter of KC:H found after one year 
cycling and the milliliter of KOH which was added at the 
time of manufacture. You can see that these numbers appear 
even on the other vugraph indicating the milliliter of K’3H 
that went in. 

Well, within permissible error of handling and 
analysis the amount of electrolyte determined agreed with 
that amount which went into the cell at the time of 
manufacture. This supports the observation made that there 
were no leaks in any of these design variable cells. 

In most of the cases the cerbonate content 
increased for the cycled cells. However there are some 
exceptions, group one and group four. You’ll find the 
carbonate even in the uncycled cell is slightly higher 
compared to the cycled cell. It’s difficult to generalize 
based on these exceptions. 

Cells from group seven and group eioht contain 
large quantities of potassium carbonate. You can see 
compared to the other numbers these numbers are higher. The 
reason is the cells of group seven used the design of the 
middle ’60s wherein the plates were r.ot decerbonated. lhat 
coulo be the reason why they have hic!her carbonate content. 
However, the cells of Group eight .contain the same plate lot 
as group seven but were processed using the present day 
Aerospace cell process which includes decarbonization. 

In addition, both of these groups of cells, seven 
and eight, have positive plates which were thicker compared 
to the rest of the groups. 

From the weight of the electrolyte, we can see 
that the amount of potassium hydroxice veries from one group 
to another. This was done to maximize the amount of KOH in 
each cell group and still maintain a reasonable overcharge 
pressure. The design goal was to have all the cells in a 
pressure range of 30 to 75 psia during overcharge. 
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Talking of electrolyte distribution, 1 remember 
year before last in the battery vVorkshop there was a doubt 
expressed regarding how the electrolyte is distributedr is 
it more toward the negative or the positive or the 
separator: Last year we did analyze a couple of six 
ampere-hour cells and eight ampere-hcur cells, and I 
pesented a paper on the electrolyte distribution wherein the 
order of distribution was that the negative contains most of 
the electrolyte, and next comes the positive, and the least 
amount of electrolyte is associated with the separator. 

(Figure 37-7) 

Some of the conclusions we can draw from the 
earlier tab1.e of electrolyte analysis ares carbonate content 
increases oue to cycling, which we all know, and cells of 
groups seven and eight contain the largest content of 
carbonate. And the possible reesons could be group seven 
cells were not decarbonated and group eight cells -- I mean 
cells of group eight have thicker positives. I do not know 
whether with this limited data we can say that thicker the 
plates larger the carbonate. Yl’ith this limited data it’s 
very difficult to generalize. 

FinaJly, the electrolyte cistribution follows the 
general order. That is, negative has the largest quantity 
and the separator has the least quantity of electrolyte 
associated with them. 

(Figure 37-8) 

?he chemical and electrochemical capacities for 
negatives and positives for each group of ceJls along with 
the percent utilization is given in this table. Following 
are some of the observations that can be made. 

Number one, the electrochemical capacity for both 
the negatives and t:>e positives is generally lower than the 
corresponding chemical capacity. lhet you can see here. The 
base line capacity is what we refer to as the 
electrochemical capacity, and this is the chemical capacity. 
In each case the chemical capacity is larger than the 
electrochemical capacity, both in the positive and in the 
negative, irrespective of the design group. This is not 
unusual since some part of the active material in the 
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negative and the positive plate might have become inactive, 
possibly due to cycling, and hence do not con-tribute to the 
electrochemical capacity. 

The second point that we can see is within the 
design variable group going from the uncycled cell to the 
cycled cell both the chemical and the electrochemical 
capacity of the negative plate decrecses. You can see that 
the chemical capa.city decreases from 34 to 30 for group I. 
And here the electrochemical capacity of the negative also 
decreases from 25 to 18. And the trend is similar in all 
the cases generally. 

This should be due to the loss of active material, 
as I said, from the negative plates due to cycling, which is 
often deposited as loose particles on the separator 
material, which is commonly referred to as cadmium 
migration. In fact we did verify thE.se in these cycled 
cells; when we opened the cells there were a lot of dark 
patches on the separator material which we observed. 

Similar behavior, in fact, has been observed hv 
McDermott. He pointed out that the 3.0s~ in weight of 
negative plate and loss in the total negative capacity has 
been recoraed in the analysis of six ampere-hour 
nickel-cadmium cells that underwent an accelerated test 
program. 

(Figures 37-9 and 37-10) 

One other point that I wanted to bring about, this 
table contains the results of the percentage of cadmium 
hydroxide in the positive plate. In each group we analyzed, 
for example, the first one, the control group, has about 
10.74 in the uncycled c.ell and it increases to 12.17 in the 
cycled cell. 

Similarly if you come the no PC treatment group, 
group five, although according to the statement no PO 
treatment should not contain any cadmium in the positive 
plate, it still has 6.46% in the uncycled and it increases 
to 7.3%. 

Similarly you see the AK plate old process and the 
AK plate new process, group seven and group eight, also do 
not have PQ treatment but still contain a small quantity of 
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cadmium, 2.75 in this case and 4.71 respectively, which 
increases on cycling. So this indicat.es clearly that on 
cycling cadmium is going out of the negative plate due to 
cadmium migration. And when we openea the cell some of the 
cadmium was deposited along the positive. 

(Figure 37-11) 

Well, this is a summary of the last-but-one table 
about the capacity. Negative chemical capacity decreases 
and the range is from 2.01 to 5.51, and the minimum decrease 
-- this is with reference to group five cells, which, 
incidentally, as 3ave Baer pointed out, are the cells which 
have no PQ treatment. And the maximum change is for group 
two cells in this cese. Those are with the teflonated 
negatives. 

Positive chemical capacity increases slightly, .84 
to 2.2 ampere-hours. Negatives from the cells without PQ 
treatment have the highest utilization, about 73 percent. 

Thank you. 

DISClJSSION 

Fi I TTEHMAN (TRUJ 1: What’s interesting about your 
oata is not that the CO3 content decreases. In some cases 
it would seem strange, but in the non-exceptional cases the 
CO3 content increases to such a small extent. And I wonder 
if you would comment on how you did the DPA. 

Did you take the individual positive, negative and 
separator and leach out the electrolyte? 

KUNIGMALLI: Exactly. 

It I TTERKAIJ : I-Iow many samples of each did you take 
per cell? 

KUNI GAHALL I : ii;lhen we opened the cells we 
collected all the positives together, all the negatives 
together and the separator, so these three packs were 
extracted separately in different Soxhlet extractors. 

R ITTERMAN: Okay. 
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Could you comment on what the relative carbonate 
formation was in the separator, the positive and the 
negative, or don’t you have that figure? 

KUNIGAHALLII I have got it in analysis summary. 

R ITTERMANt Oh, you have. 

K,lJNIGAHALLI: But I don’t &ve it right now here. 

H I TTEHMAN: Okay. Fine. 

THIERFELDER (General Electric) 8 You gave the 
expansion of the positive plates, 1 to 1.5 mils. And over 
the last several years there’s been c” lot of discussion 
about the expansion of the positive plates. 

tiave vou compared this? Is this compared to other 
reports on expansion: I to 1.5, is that normal? 

KUNI GAHALL 12 It’s very smell, comoared to -- In 
fact, that’s what 1 referred to as h!cDermott;s work. In six 
ampere-hour cells it has been shown to have more weight 
increese end swelling. 

‘IX I EAFELDER : All of these at about 5000 cycles? 

KUNIGAHALCI 8 Yes, roughly about 5bOO cycles. 

1H IERFELiJER: So this is a comparatively low 
expansion. 

KUN IGAHALL I 8 Very low:, 1 agree with you. 

HELLFRITZSCH: I have a aucstion about how many 
cells there were in each rlroup. The only thing I heerd is 
that in groups seven and eight there were two cells in one 
and three cells in the other. 

KUNIGAHALLI : I think Dave Saer should answer 
that. 

HELLFR I TZSCH: How many were there in the other 
Groups 7 

BAER : There were six cells purchased from each 
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group and we set one aside and we just ran it through some 
initial evaluation tests of Crane. We started .the cycling 
with five cells in each group. 

At the one year point we removed one cell for 
analysis, so that left four. And .then several were removed, 
if you remember from my last slide, where cells were removed 
from group eight; two were removed at 2000-some-odd cycles, 
and then one, I think it was around 10,000, where it 
shorted. And group nine had one cell removed around 9000 
cycles because of what we thought was a short. 

HELLFRITZSCH: The reason 1 ask, on the second 
paper I noticed there were serial numbers of the cells, cell 
number one and cell number four. So I assumed that the data 
from that line was based on that one ce.11. 

Now when you ,compare then the weight of one cell 
to that of a different cell before and after, because these 
are destructive tests -- and that’s of course what you have 
to do -- you really need to know how uniform were the 
weights of all cells initially. 

Do you see what I’m gettinc at? 

BAER: We have that information. I mean, I 
don’t have it right here. 

HELLFRITZSCH: If these differences in gain or 
loss are large compared to how uniform the cells initially 
were it’s signif icant. If it’s of the same order of 
magnitude, of course, it doesn’t mean anything. 

I looked through some of them. In a case like 
this often you look down the line for the different groups 
and you just do a plus or a minus. lf they’re all 
consistently higher or consistently lower then it can mean 
something. But they jump back and forth. Of course they 
were different designs, so it coula be the design. but I 
just wanted to caution because the sample size was 
2s small as it could be, a s,ingle specimen each time. And 
of course there’s a lot of work in this. I know that. hJt 

we have to be cautious in interpreting whether these are 
real differences or not. 

bAER: Right. Well, I think that’s one of the 
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problems with why you see them jump back and forth in some 
cases such as the carbonate. And these were control 
manuf.actured, the best that’s being done today. 

HELLFR ITZSCH: Especially if we report the data 
for significant figures. 

HALPERT (Goddard 1:. In reference to Helm’s 
quest ion, Dav.e, weren’t these using the IUE type loading on 
the first groups of cells, and so the loading was lighter 
than what we’ve seen in the past.? 

BAERt Yes, it’s probably e little lighter than 
what they were generally making at that point. GE has since 
lightened .up on their loading a little bit, but I don’t 
think it’s quite as light as what the IUE is. The loading 
number was given in grams per decimeter cube. 

KUNIGAHALLIS In the last vugraph we have the 
loading. Here is the loading. 

( Indicating. 1 

BAER : Helm, it would be probably about 12.5 grams 
per decimeter squared -- That’s a number you’re used to 
hearing -- for the positives. 

RAMPEL (General Electric): I’d like to clarify 
the cadmium content in the positive electroaes for so called 
uncycled cells. I take it that they’re uncycled at Crane 
but you have to keep in mind they were cycled at GE, and 
that’s enough to introduce the cadmium into those positive 
plates that have had no PQ treatment per se. 

BAER: That’s right, Guy. And they also went 
through initial evaluation tests at Crane, which are 
essentially acceptance tests. But they did have some cycles 
on them, that’s rig!lt. 
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Figure 37-1 

OBJECTIVE 

TO EXAMINE THE INFLUENCE OF 
DESIGN VARIABLES 

ON 
CELL PERFORMANCE AND LIFE 

BY 
PHYSICAL, CHEMICAL AND ELECTROCHEMICAL 

ANALYSIS 

Figure 37-2 

EXPERIMENTAL TECHNIQUES: 

1. VISUAL INSPECTION 

2. PHYSICAL MEASUREMENTS 

3. CHEMICAL ANALYSIS 

4. ELECTROCHEMICAL ANALYSIS 

Figure 37-3 
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GROUP S.N. 
# OF CELL 

1 04 
1 01 

04 
01 

3 01 

4 
4 

6 02 
6 01 

7 
7 

02 
06 
05 

Table 1. 

PHYSICAL CHARACTERISTICS OF DESIGN 
VARIABLE CELLS 

PACK 
# 

3D 

3E 

3F 

3G 

3H 

31 

3J 

NO. OF PLATE THICKNESS km) 
CYCLES POSITIVE NEGATIVE 

UNCYCL 0.072 0.079 
5833 0.074 0.080 

UNCYCL 0.072 0.080 
5841 0.074 0.079 

5844 0.074 0.083 

UNCYCL 0.068 0.079 
5844 0.072 0.079 

UNCYCL 0.074 0.079 
5840 0.077 0.080 

UNCYCL 0.072 0.079 
5833 0.074 0.083 

UNCYCL 0.091 0.074 
5834 0.094 0.073 

UNCYCL 0.090 0.071 
3K 2008 0.093 0.072 
3K 2459 0.094 0.073 

PHYSICAL CHANGES DUE TO CYCLING 

Figure 37-4 

PLATE WEIGHT PLATE THICKNESS 

POS INCREASE INCREASE 
0.15 - 0.34 g 1.0 - 1.5 MILS 

NEG DECREASE 
0.5 - 1 .o g 

NO CHANGE 

PLATE WEIGHT WITH TAB (Gms) 
POSITIVE NEGATIVE 

13.69 15.46 
13.97 14.83 

13.85 15.87 
14.00 14.87 

14.03 14.82 

13.02 14.71 
13.31 13.83 

13.32 15.43 
13.65 14.92 

13.65 15.59 
13.88 15.38 

15.34 14.13 
15.68 13.68 

15.35 14.02 
15.56 13.66 
15.57 13.62 

Figure 37-5 
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Table 2. 

RESULTS OF ELECTROLYTE ANALYSIS OF 
DESIGN VARIABLE CELLS 

GROUP NO. OF 
# CYCLES 

1 
5833 

2 
5811 

3 5844 

4 
5844 

5 
5840 

6 
5833 

7 
5834 

8 
2008 
2459 

NEG POS SEP TOTAL KOH 

22.55 15.69 13.56 51.80 21.64 
29.32 16.14 9.09 54.55 23.94 

% ML KOH 
K2C03 FOUND ADDED 

9.21 39.15 40140 
6.76 41.42 

20.91 15.99 24.63 61.53 26.82 6.49 46.75 48149 
26.68 16.16 22.42 65.26 25.26 6.91 49.54 

31.03 15.86 25.69 6.87 

24.14 16.49 
31.51 16.36 

25.25 6.45 
19.65 4.71 

43.15 43144 

44.58 45146 
47.70 

23.38 17.77 
28.15 18.12 

25.40 8.97 40.86 40.3141.5 
23.53 10.45 38.39 

21.8 15.41 
29.84 16.73 

9.95 56.84 

18.17 58.80 
14.70 62.57 

9.84 50.99 
4.64 50.91 

8.16 45.37 
3.42 49.99 

29.41 7.36 34.41 39140 
26.20 9.63 37.75 

22.78 20.11 
25.54 21.47 

22.01 
20.47 

37.87 38139 
37.82 

21.42 20.10 
27.92 15.47 
22.69 20.58 

7.63 50.52 
3.70 50.71 

9.25 50.77 
6.46 49.85 
7.40 50.67 

Figure 37-6 

22.50 
23.43 
22.15 

13.35 
16.08 

14.94 
15.47 
16.08 

37.95 29140 
37.22 
37.79 

GMS OF ELECTROLYTE % 

CONCLUSIONS FROM ELECTROLYTE 
ANALYSIS 

0 co; INCREASES DUE TO CYCLING 

l CELLS OF GROUPS 7 AND 8 CONTAIN THE LARGEST 
CONTENT OF CO 5 

- GROUP 7 CELLS NOT DECARBONATED 

- GROUP 8 CELLS HAVE THICKER POSITIVES 

l THICKER THE PLATES LARGER THE CO, 

l ELECTROLYTE DISTRIBUTION FOLLOWS THE GENERAL 
ORDER NEG > POS > SEP 

Figure 37-7 
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Table 3. 

COMPARISON OF CAPACITIES FOR DESIGN 
VARIABLE CELLS 

CHEM. CAPACITY BASELINE CAPACITY 
(AH ON CELL BASIS) 

POS NEG POS NEG 
22.64 34.02 15.54 25.60 
21.22 30.30 14.63 18.52 

NAME 
S.N. OF NO. OF 

GROUP # CELL PACK # CYCLES 

CONTROL 

TEFLON 

SILVER 3 

LIGHT LOADING 4 
4 

NO PQ 

POLYPROPYLENE 
SEPARATOR 

A.K. PLATE 7 
OLD PROCESS 7 

A.K. PLATE 
NEW PROCESS 

1 
1 

5 
5 

s6 

NAME GROUP 

CONTROL 1 
1 

2 
2 

3 

4 
4 

5 
5 

: 

7 
7 

TEFLON 

SILVER 

LIGHT LOADING 

NO PO TREATMENT 

POLYPROPYLENE 
SEPARATOR 

AK PLATE 
OLD PROCESS 
NO DECARB 

AK PLATE 
NEW PROCESS 

8 

UNCYCL 
3D 5833 

UNCYCL 
3E 5841 

3F 5844 

UNCYCL 
3G 5844 

UNCYCL 
3H 5840 

UNCYCL 
31 5833 

UNCYCL 
3J 5834 

UNCYCL 

2 2008 2459 

05 
06 

21.74 36.28 
22.90 30.77 

20.86 32.80 

20.02 30.48 
21.44 26.17 

22.69 34.65 
22.44 32.11 

22.36 36.62 
23.20 31.35 

25.23 32.54 
26.85 28.83 

25.63 32.93 
26.97 31.69 
27.90 30.92 

16.39 25.56 
15.99 18.67 

15.55 20.14 

14.43 23.83 
13.98 14.47 

16.91 28.11 
17.02 23.54 

15.89 28.14 
16.66 19.07 

19.61 24.99 
18.85 23.0 

16.52 24.86 
19.02 23.47 
18.78 22.96 

Figure 37-8 

S.N. OF 
CELL 

iYE 
05 

Table 4. 

PACK 
# 

3D 

3F 
UNCYCL 

5841 

3F 5844 

3G 

3H 

31 

3J 

NO. OF 
CYCLES 

% Cd (OH), AH CHARGED 
IN POS Cd IN NEG 

UNCYCL 
5833 

UNCYCL 
5844 

UNCYCL 
5840 

10.74 0.59 
12.17 0.75 

9.49 1.17 
11.48 1.20 

12.38 1.84 

11.52 0.71 
13.27 0.35 

6.46 0.71 
7.31 1.16 

UNCYCL 8.39 1.12 
5833 9.63 0.03 

UNCYCL 
5834 

UNCYCL 
2008 
2459 

2.75 0.87 
4.92 0.65 

4.71 0.91 
5.36 0.89 
4.55 0.78 

% UTILIZATION 
POS NEG 
68.87 75.25 
58.92 61.30 

75.39 70.45 
69.82 60.69 

77.63 61.05 

72.07 78.17 
65.21 55.30 

74.55 81.11 
75.85 73.31 

71.06 76.83 
71.81 60.83 

77.70 76.81 
70.20 79.78 

64.46 75.52 
70.50 74.06 
67.30 74.26 

Figure 37-9 
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RESULTS OF ALTERNATE CONDITIONING 
CHARGE SCHEMES 

PACK 1 PACK 2 

STD COND CHARGE 120 C/20 8 HRS, C/I 0 12 HRS 80.6 
DISCH 62.3 DISCH 62.3 

VL6 CHRG 72.0 VL6 CHRG 70.1 
DISCH 60.3 DISCH 60.6 

STD COND CHARGE 119 C/20 8 C/5 i0 VL6 72.9 
DISCH 

HRS, C/10 8 HRS, 
61.6 DISCH 61.9 

VL6 CHRG 71.6 VL6 CHRG 69.1 
DISCH 59.7 DISCH 60.2 

STD COND CHARGE 121.3 C/20 8 C/6 TO VL6 72.2 
DISCH 

HRS, C/l 0 6 HRS, 
62 DISCH 

VL6 CHRG 
61.2 

70 VL6 CHRG 69.1 
DISCH 58.6 DISCH 60.2 

STD COND CHRG 119 
DISCH 62.8 

VL6 CHRG 70.8 
DISCH 60.3 

Figure 37-10 

EFFECTS OF CYCLING ON CAPACITY 

a NEGATIVE CHEM. CAPACITY bECREASES 2.01 TO 5.51 AH 

-- MINIMUM CHANGE FOR GROUP 5 CELLS 

- MAXIMUM CHANGE FOR GROUP 2 CELLS 

. POSITIVE CHEM. CAPACITY INCREASES 0.84 TO 2.2 AH 

. NEGATIVES WITHOUT PQTREATMENT > 73% 
HAVE HIGH UTILIZATION 

Figure 37-11 
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CHARGEABILITY OF NICKEL ELECTRODES STUDIED 

BY OPT1 CAL M ICHOSCOPY 

C. Dyer 

Bell Labs 

Just a change of system here to.nickel hydrogen. 
This is an attempt to explain some of the operational 
characteristics of some nickel-hydrogen cells that we 
received at Bell Labs and put on cycling, and saw some 
strange capacity excursions with cycling. A summary of that 
is shown on this Vugraph. 

(Figure 38-l) 

You will see there is a dropoff in capacity over 
the first few cycles. Actually to this point there’s a 
rapid decrease and then a further drcp while the cells were 
shipped to us in a shorted state. And I represent that by 
no change in the cycle number. For both of the two cells 
shown here, the numbers just refer to the serial numbers of 
the cell. 

I haven’t got much time so I just want to draw 
your attention to the main characteristics of this recovery. 

You’ll see that basically on continued cycling 
there is a slow but gradual increase in capacity back up to 
theoretical values which are shown by the broken lines up 
there, calculated on the basis of weight gain of the 
positive electrode on electrochemical impregnation. The 
positivie plates were electrochemically impregnated by the 
bell aqueous system. I think that’s the important point 
here, that these were electrochemically impregnated plates. 

(Figure 38-2) 

Now the companion Vugraph to this is this one 
which shows the state of charge, and some pressures. Let’s 
look at the pressures first here. 

This is with cycling as shown on the previous 
Vugraph. You observe an increase in the end-of-charge 
pressure with cycling up to 400 cycles. It increases from 
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about a hundred and something up to 490. 

The other characteristic which i.s very useful in 
the case of the nickel-hydrogen cell is that yo.u can also 
follow the end of discharge pre.ssure. And you know really 
what the state of charge of the negative electrode is of 
course since you’re always m.onitoring it by the pressure. 
You’ll see that the end-of-discharge pressure also .rises but 
at a slower rate so we have both rising end-of-charge and 
end-of-discharge pressure. 

Incidentally you’ll notice that this represents 
that capacity loss. It’s about 65 prrcent of what you would 
expect. This represents the starting point at the bottom of 
the trough in this capacity cycle in curves shown 
previously. 

So these are the facts of what is going on here. 

You heard this morning that nickel-cadmium cells 
also seem to lose capacity on standing open and shorted. 
Brij Vyas from our lab gave you a discussion of this, so it 
doesn’t seem to be isolated to the nickel-hydrogen case. 

Now if you take a positive electrode and fill it 
with epoxy resin and then section it across the electrode we 
then have a microsection, which is what I did, essentially, 
which I then oxidized in this way. 

(Figure 38-3) 

Essentially this is a very simplified model of the 
experimental concept. 

This represents the nickel substrate, of course. 
lhis represents th.e .nickel sinter connected. And on the 
outside of the nickel is electrodeposited the active 
material in a profile something like this. (Indicating.) I 
haven’t drawn it in, but there will be a space over here 
where the ele.ctrolyte comes in. 

So there’s a path through here in the normal 
electrode now which then goes through the active material to 
the nickel. 

Now this is a different geometry. We filled up 
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all the porosity in the electrode and we’re simpl~nl~;~Q;g 
at the electrochemistry in an orthogonal sense. 
words if you put a drop of KOH on top of this combination of 
nickel and nickel hydroxide and then oxidize it, you see 
some strange and wonderf.ul things happening when you look 
under a microscope, and let me go quickly to that. 

(Figure 38-4) 

You can’t see too much here except really the 
bright spots which are the polishea sections of nickel (F-4a). 
Somewhere in here in this gray area is the active material 
which you can’t see very well. Also, there is epoxy in here 
which is between the active material deposits, and actually 
there also is epoxy her.e. 

Now when you oxidize it with a drop of KOH on the 
surface you get a rather nice contrast effect (4b) and you can 
see the demarcation now very clearly between the epoxy 
resins in the same field, except that this is oxidized, 
anodized, and this is not. You can now see very clearly the 
boundary between the epoxy resin here and the active 
material here, and the nickel particles of sinter here. So 
you have three rather nicely resolvec components of the 
electrode. 

IGow let’s have a look to see how this process of 
oxidation progresses. 

I should just say that this is quite a normal 
physical phenomenon. That is, as you increase the 
conductivity of the active material which occurs when you 
form the oxy-hydroxide, not only do you get absorption of 
the transmitted light but you get an increase in 
reflectivity. And the calculations tell us that this 
incr.ease in reflectance of the active rnaterial is entirely 
in agreement with the optical parameters due to two parts of 
the optical refractive index, the real and the imaginary 
part which both increase as you oxidize. 

(Figure 38-5) 

This shows the progress now of oxidation of a 
. section. Keep your eyes on the c.entral grain here, which is 

this one here, and you’ll see that there’s a particle of 
nickel right there, and you’ll see a brightening here (F-5a). 
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Now in this region here, the first oxidation step 
has brightened quite a large area of this active material. 
It has not managed to completely oxidize the whole of that 
grain there, and you’ll notice that it’s quite a thick 
grain. There’s quite a large distance betw.een the nickel 
and the edge of that material there which, incidentally, is 
separated from this one, insulated from that one by epoxy 
resin, so you wouldn’t expect the oxidation to proceed from 
that part of your nickel. 

This shows the progress as you put on more charge. 
You see that the grain gradually fills up and becomes 
totally oxidized (F-5b, 5~). At the bottom left there you 
can see it when it's fully charged. 

You then discharge it, and you look at this under 
a microscope. The magnification is gbout bO0 times. A 
reduction steo reduces the contrast ouite significantly from 
the lower left, but you never quite cet rid of it.(F-5d) 

In fact the picture on the top right there is 
after two pulses of reduction, quite heavy reduction, even 
to gas evolution. 

If you leave the thing standing overnight you lose 
the contrast ccmpletely. 

Here we are. We’re back tc that first picture I 
showed where you really can’t determine the difference 
between the epoxy and the active material. I’m going to 
refer to this particular picture later on as an attempt to 
explain some of the strange phenomena we’ve been seeing. 

(Slide not available) 

Here’s a chemical electrode. It’s a little hard 
to see exactly what’s coins on here, but let me explain it. 
This is not an electrochemical, this is a chemically 
impregnated electrode, with very thick films now. It’s 
fully loaded. I don’t know how much voidaqe. I couldn’t 
see any voidage at a31 in this material before I filled it 
with epoxy. 
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And indeed, this area here is all active material. 

Now a series of pulses reduces the size of this 
nickel-hydroxide as the reaction front towards 
nickel-oxy-hydroxide progresses away from the electron 
sinks here which are the nickel particles, but you are still 
left with a region which does not want to charge up. 

Now this was heavily overcharged, I should point 
out, several pulses, and a few minutes later, after this 
third oxidation, some rather horrifying things took place. 

You can see this change in contrast. It becomes 
cracked. And if you look at it under the scanning electron 
microscope, what has happened is that the heavily 
cvercharged region has started to spall. It has cracked and 
Fieces have come off, and that’s the origin of this rather 
s.trznce reflectance here. It’s just a broken up surface. 

So there’s a caution: don’t overcharge these 
surfaces too much, particularly the chemical plates, because 
they seem to disintegrate. 

(Figure 38-6) 

I’m just going to show this very simple reaction 
here. [ihat seems to be going on here is that the positive 
electrode which is largely comprised initially of 
nickel-hydroxide is initially a poor conductor, and as vou 
form the better conducting nickel-oxy-hydroxide you get en 
improvement in the chargeability. 

Now the reaction progresses interestingly from the 
metal particle away from it. 

(Figure 38-3) 

I just want to make this point. This Vugraph here 
shows the direction of the reaction. The reaction 
progresses. The region of light contrast, that is, the high‘ 
conaucting nickel-oxy-hydroxide, the reaction moves away 
from the nickel. 

Now this says something important about the 
reaction kinetics that it’s not controlled by the proton but 
by the electron mobility. Because of course the proton path 
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length is the same all the way across here, and it’s a nice 
visual display of tile importance of the conductivity of the 
nickel-hydroxide. 

Now what are the implications of this for 
operational characteristics? Well, let’s go back and see if 
we can now explain some of the things we’ve been seeing. I 
think this is the most useful one to look at. 

(Figure 38-2) 

Looking at this and just fcr a minute pretending 
we don’t know anything about that model. At 400 cycles, the 
measurements indicate that we have a cyclable capacity shown 
here by the cross-hatched area of approximately 22.7 
ampere-hours. Now that’s pretty close to theoretical, and 
you might rest your case there and sey Okay, the cell is 
working near theoretical, why should we bother to think any 
more about it, it’s fine. 

Uut we have a residual pressure here. Now the 
only way you can have a residual pressure at the end of 
charge is if charged active rnaterial remains undischarged. 
This incidentally is discharged to one volt at the C/2 
rate. The only reason you can have en end-of-discharge 
pressure is if you have some active material that is already 
charged and the corresponding amount of hydrogen remains and 
will remain until you can discharge that portion of the 
active material which has been charged. 

In other words, this pressure really corresponds 
to uncyclable capacity already built into the active 
material which subsequently is unable to be discharged. 

!\low have we qot any evidence that indeed there 
were regions in this electrode which are still charged to 
account for these measurements? Are there regions fully 
charged but still remaining in the electrode? 

(Figure 38-7) 

This electrode here has been cycled about 3,000 
times and this has not been oxidized in the method I showed 
before. This is simply a sectioned electrode, and this is 
as received, sectioned, after filling with epoxy. It has 
not been charged. 
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If you look up here you’ll see ghost regions up in 
this region here which do not appear on an uncharged or 
uncycled electrode. Normally they are all totally gray, but 
;EFdzan see patches of light contrast regions, in other 

regions of high conductivity, because that’s what 
the difference in contrast means in optical terms, regions 
of higher contrast separated from the nickel electron sinks 
by a region of low contrast, which again in optical terms 
means low conductivity. In other words it’s electrical 
isolation that we’re looking at here. This electrode has 
been totally discharged after 3,000 cycles and shorted, and 
yet there is still residual capacity in there. 

That’s the last of the Vugraphs. 

Let’s CJO back to the some of the models here. 

(Figure 38-2) 

So yes indeed, we do have residual capacity which 
you can see by this optical microscopy tcchnioue to explain 
that. All right, what’s the next thing? 

iiow do we explain the rising capacity, both rising 
capacities and the rising EO9 and the EOC pressures? 

What it says is that each time you cycle the 
electrode you charge a little more of the available 
capacity, but when you discharge it you don’t get all of 
that additional delta of capacity back. You leave a little 
bit of it behind, so you’re topping up the reservoir of 
uncyclable material but you’re also Edding to the reservoir 
of cyclable material. 

That would seem to explain some of that. 

lJow can we explain some of the other observations 
we’ve made, that is, of the declining capacity on open 
circuit or, indeed, after shorting, czhat caused this drop 
here? 

(Figure 38-l) 

I’ve seen this not only with these particular 
cells but with another set of cells rr:ade by a different 
contractor, again with electrochemical positives in them, so 
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it’s not unique to these two cells. It seems to be a 
general phenomenon. 

And just discussing nickel hydrogen now, it’s 
possible that this is also a conductivity effect. Don’t 
forget these cells have been shorted, and you can imagine on 
shorting that indeed the conductivity will be continuously 
arained as the nickel-oxy-hydroxide is completely reduced. 

fu’ow the question remains, khy do we see this with 
chemical plates and not with electrochemical plates? And 
the only reason I can think of r:hy there should be a 
difference is that in the electrochemical plates, you have a 
kery high surface-to-volume ratio. Ihere’s a lot of 
electrolyte inside. You have much thinner films generally 
because of the lighter loaaing levels. 

Obviously this will help with the discharge 
process but it will also help even on open circuit. The 
self-discharge of t:le nickel-oxy-hydroxide will oenerajly be 
faster than cn mor2 fully loaded electrodes, and this may 
Explain why one does not see the same effect on the chemical 
plates. 

I have never seen the same kincs of problems on 
those plates; that is, I have never seen regions of hunqup 
charge after long periods on open circuit. Thev don’t seem 
to show that. They seem to be self-cischarging in that way. 

That self-discharge reacticn, according to 
comments earlier, is auite a fast reection. Apparently it 
can take place in nickel-cadmium cells very rapidly, so that 
you can lose a hundred percent of the charge in six months, 
cut it’s very much more rapid to begin with. 

but these are qualitative jdeas. More experiments 
will need to be done. It does seem to form a general 
picture. 

There are some other things I should add. 

The effects of shorting may be exacerbated by 
electro-wetting effects. iiecently scme people at Sell Labs, 
Beni and Hackwood, were trying to develop a new type of 
opt@-display device, and the methoc by which that works is 
by an electro-wetting type mechnism. It’s like an electric 

466 



capi3lary but you have metallic capillaries, and by applying 
a potential you can change the surface e.nergy so much that 
you actually get a movement of electrolyte down the capillary. 

Now it turns out that if ycu take a positive 
electrode and polarize it to near the shorting potential, 
that is, the negative potential, there is a net loss of 
electrolyte out of that electroae. ke’ve done these 
measurements and we can show that. 50 this may also 
contribute to the capacity loss which is worse in the 
shorted case than in the unshorted cEse. 

I’m sure there will be a lot of questions about 
why cne gets the 10~ voltage plateaus. below one volt 
there are several plateaus, and these again tend to be 
highly polarizable plateaus, as shown by Bernard, and this 
is cenerally known that they are rate-dependent. lhey’re 
not thermodynamic potent ials. They are sensitive to the 
rate at which you discharoe them. They are not really 
thermodynamic arrests. And so aoain that would support the 
mooel of isolation and conductivity v%ithin the active 
rrlaterial. 

2OGEHS (!-lughes Aircraft 1: On this undischargeable 
capacity, we/ve done experiments, not on these particular 
cells but on other cells where we’ve shown tnat if you leave 
e cell shorted, say, after it builcs up this pressure, say 
for a month or two, you can pick up ~11 that capacity and 
measure it as current on a shorted cell, or measure the 
current through the short. You will pick up a capacity 
roughly corresponding to the pressure drop. 

3YER: That’s more or less what I’m saying except 
tnat you can recover it at very low rates. If you try to 
take that capacity out at a very high rate you are not going 
to get it out because it’s polarized. 

;;‘(J CEHfj : Ihat’s true. After ycu test the cell 
efter e.11 that, the capacity at normel rates hasn’t really 
chanced but the pressure is down. 
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Figure 38-4b 

Figure 38-aa 

Figure 38-5a 
Figure 38-5b 

Figure 38-5d 
Figure 38-5~ 

469 



Positlve CHARGE 
Electrode: Nl (OHI + OH' 

4 

-DISCHARGE 
Nl OOH + H20 + E’ 

t t 
POOR CdNdUCiOR GOOD CONDUCTOR 

CHARGE . Negotlve : H20 + E’ I 
h H2 + OH- 

EleCtrOde DISCHARGE 

Figure 38-6 

:., . . 

Figure 38-7 

470 



POSITIVE ELECTRODE PROCESSING FOR HUGHES NiH2 CELLS 

C. Bleser 

Hughes Aircraft 

Positive electrodes manufactured at Eagle-Picher, 
Colorado Springs, have been used by Hughes in conjunction 
with the Air Force for flight program ce3ls and advanced 
development program cells. They’ve also been used by NASA 
Lewis in technology programs, and by Hughes for an internal 
development program. 

(Figure 39-l) 

The basic procedures were oeveloped. for the Air 
Force under a contract for the manufacture of nickel-cadmium 
batteries. An electrochemical impregnation in an aqueous 
ethanol solution is used in this process. 

Several additional controls were instituted by 
Hughes for production of flight electrodes, including a 
klughes controlled MCD, a solution reserved exclusively for 
the impregnation of Hughes positive electrodes; a system of 
complete traceability for individual electrodes; an 
electrical characterization test to provide information on 
height and capacity at the plaque level, and a stress test 
to provide data on capacity, weight i:nd physical parameters 
at the electrode level. There’s also a 100 percent inspection 
for dimensional conformance and physical appearance. 

(Figure 39-2) 

The flow chart shows the major steps in the 
manufacturing process. There are twenty-four steps 
indicated there, and Hughes approval is required in eleven 
of those twenty-four steps. 

(Figure 39-3) 

The raw plaque is made using the dry sinter 
process. i?le use Into powder Type 28-1 of a selected density; 
thickness, .029 plus or minus .002. 
67 percent excluding the grid, 

The porosity is 82 to 
and 7& to 82 percent with the 

grid included. The bend strength is 550 plus or minus 50 
psi, and the plaque are given a 100 percent inspection for 
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visible flaws. 

(Figure 39-4) 

The impregnation solution is 1.6 to l.S molar 
nickel nitrate, . 12 to .18 molar cobelt nitrate, 45 plus or 
minus 2 percent alcohol. The pi-i is controlled between 2.8 
and 3.2. Temperature, 70 to 80 degrees C. The current used 
is ..35 amps per square inch. And the loading level desired 
is 1.45 to I .75 grams per cubic centimeter void volume, 
including the cobalt hydroxide. 

The solution is analyzed just prior to each 
impregnation run. The cobalt and nickel are determined by 
atomic absorption analysis and also by EDTA titration. The 
alcohol percentage is determined by cistillgtion. pM, 
temperature and current are controJled at the impregnation 
aree. 

(Figure 39-5) 

This is a typical graph of the voltage change with 
time during an impregnation run. 

(Figure 39-6) 

Formation is done in 20 percent potassium 
hydroxide. It is a 3-l/2 cycle process, beginning and 
ending with discharge. There’s an error, in that the 
average is per square inch, not square centimeter. 

Each cycie is 40 minutes icng. lhe first 2 cycles 
at .45 amps per square inch. At Cycle 3 the current is 
reduced to .I amps per square inch, and at the last the current 
is again reduced to .07 amps per square inch. The formation 
is clone at room temperature: I forgot to mention that. 

(Figure 39-7) 

This graph shows the voltages that we see during 
the format ion procedure. 

(Figure 39-8) 

This is a photograph of the positive impregnation 
6rea. The impregnation tanks are on the left, and the 
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formation tanks are on the right. 

(F.igure 39-9) 

This shows the formation tanks, which are now on 
the left, the two rinse tanks, which are in the center, and 
the control panels, which are in the .foreground of the 
picture. The two control panels on the left control the 
impregnation process, and the panel on the right controls 
the formation process. 

pH is monitored there in the batch tank which 
houses the solution, and also in each of the impregnation 
tanks. Temperature is also monitored at the batch tank and 
in each of the three impregnation tanks. Current and 
vo1tag.e are on digital read-outs in the center panel. 

The pH and the temperature are controlled in the 
batch itself, and not in the impregnation tanks. That 
information, on pH, temperature, voltage and current, is 
taken every ten minutes during an impregnation. 

The formation panel also has digital current and 
voltage displays. The panel is set up to automaticaJly step 
through the 3-l/2 formation cycles. Informat ion is recorded 
every twenty minutes. 

We also get formation and ECT information from the 
Fluke data logger which is in another room. 

(Figure 39-10) 

After formation, plaque are scrubbed, rinsed, 
dried and weighed. Then they go back to the formation tanks 
for an electrical characterization test. The test has 
20 cycles of a 72-minute charge at C rate, followed by a C 
rate discharge to minus .2 volts. The plaque are then 
chargea for sixteen hours at a C/IO rate, and discharged at 
C/2 rate to minus .2 volts. The measured capacity at this 
point must be the equivalent of 1.25 ampere--hours per 
electrode. 

The plaque are again scrubbed, rinsed and dried, 
and ECT weight loss is determined. 

(Figure 39-11) 
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This graph shows the increase in capacity seen 
during that 20-cycle test. 

(F.igure 39-12) 

This is some weight loss data from the 1200 series 
electrodes. You can see that there is a low of minus .6 
grams* up to a high of minus 3.8 grams lost during that 
test. 

(Slide not available) 

This is a photog.raph of a plaque that has gone 
through ECT. 1 was hoping you could see how clean the 
surface of the plaque was. The ECT cycling seems to do a 
lot for cleaning the surface of the plaque. 

(Figure 39-13) 

A one percent random sample of electrodes is 
subjected to stress testing. The first part of that 
procedure is a hot formation in 20 percent potassium 
hydroxide at 70 degrees C. The formation procedure is an 
I%-minute charge, followed by an 18-minute discharge, both 
at the 5 C rate. 

The electrodes are scrubbed, rinsed and dried. 
They are weighed and measured for thickness at three 
designated points. The test is conducted in 31 percent 
potassium hydroxide, and begins with an initial capacity 
which consists of a 12-minute charge at the 5 C rate, 
followed by a l-hour charge at C/2 retei discharge is a C 
rate to minus I volt. The C rate is designated as 1 .4 
ampere-hours. 

The stress test itself is LOO cycles, consisting 
of a 12-minute charge and an 8-minute discharge, both at the 
IO C rate. After 200 cycles there are five more capacity 
cycles, exactly the same as the initjal capacity. 

The electrodes here must also have a minimum 
capacity of 1.25 ampere-hours based on the average of the 
fourth and fifth capacities of the stress test. 

lhe electrodes are again scrubbea, rinsed, dried, 
rveighea anti measured at the same three points, as they were 
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before the test. They. are inspected for blisters, cracks 
and other visible defects. 

(Figure 39-14) 

Here’s some information from the 1000 series 
stress test, showing the initial weight, capacity, the 
capacities after the stress, final weight, and the weight 
loss for those electrodes. 

(Figure 39-15) 

This is the picture of an electrode that has been 
through stress testing. It’s not as clear as I would like: 
you can’t see too well: but the electrode looks pretty good 
for the cycling it has been through. 

(Figure 39-16) 

tiu’e are beginning to work on a technology program 
with Hughes and NASA Lewis to make positive electrodes with 
the variables shown on this chart. Ihe electrodes we now 
produce generally fit in the center category, in bend 
strength, pore size and loading. Anc now we’re going to be 
able to try and make electrodes on .either side of what we 
now make, and compare those to the current electrodes. 

(Figure 39-17) 

Eagle-Picher, Colorado Springs, has demonstrated 
the capability for the production of flight quality 
nickel-hyarogen electrodes. We’ve built over 12,OOO 
electroues to this point. These electrodes pass severe 
acceptance tests without loss in capacity and without 
physical deterioration. Quality and performance are further 
being upgraded by both government-funded program and Hughes 
internally funded technology programs. 

Thank you. 

DISCUSSION 

?d\AURER (13eJl Labs): Would you say a word about 
thickness increase on the stress test, and the blister count 
requirements? 

475 



BLESERZ I don’t have any data with me right now. 
Ne do see some swelling. rJe have a swelling requirement. 

PICKETT (Hughes Aircraft): Let me answer the 
question. 

Our restriction is no more than 3 percent of the 
total area will contain blisters, and it’s usually much 
lower than that. .Ihe last lot we processed was the 1200 
series, which she showed you some data on. It had less than 
1 percent blisters. And .the thickn.ess increase requirement 
is 2 mills maximum, and it’s usuaJly well below a mi..ll. 

STOCKEL (Cornsat): Dave, looking at that stress 
test with the C rate you had listed there, it looked like 
you’d get an overdischarge for about two minutes. 

PICKETT: In formation we do, yes. But during the 
stress test the electrodes are not overdischarged beyond 
minus 1.9 volts. There are two diodes protecting each cell, 
so they don’t go further into reversal. 

TASEVOLI (Goddard) : What are the advantages of 
the aqueous alcohol impregnation when compared to the Bell 
process? Are any of those advantages increased cycle life? 

P ICKETT: dell, we haven’t made a one-to-one 
comparison with this process run here. The process 
originally formulated, the alcohol wes to lower the boiling 
point, or lower the temperature of tf,e process, is what it 
initially intended for. 

I think it has some other advantages, like 
decreasing the amount of hydration of the hydroxide as it 
Goes into the pores. And the soluticn can be buffered to 
some extent by the alcohol, because the ionization constant 
is decreased quite substantially by the alcohol. 
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USAF POSITIVE ELECTRODE PROCESS 

. BASIC PROCEDURE DEVELOPED FOR USAFNYPAFB UNDER 
CONTRACT F33615.7642-6467, MANUFACTURING METHODS 
FOR NICKELCADMIUM BATTERIES 

0 ELECTROCHEMICAL PROCESS UTILIZING ADUEOUS 
ETHANOL SOLVENT SYSTEM 

. SEVERAL ADDITIONAL CONTROLS INSTITUTED BY HUGHES 
FOR FLIGHT ELECTRODES 

l HUGHES CONTROLLED MCD 

. DEDICATED SOLUTION ANALYZED PRIOR TO EACH RUN 

. COMPLETE TRACEABILITY FOR EACH ELECTRODE 

. ELECTRICAL CHARACTERIZATION TEST (CAPACIN AND 
WEIGHT AT PLAGUE LEVEL) 

0 STRESS TEST (CAPACITY, WEIGHT. AND APPEARANCE 
AT ELECTRODE LEVEL) 

. 106% INSPECTION (DIMENSIONS AND APPEARANCE) 

Figure 39-1 

FLOW CHART FOR EPI/USAF POSITIVE 
ELECTRODE PROCESS 

RlNSE PLAQUE 

Figure 39-2 

PLAQUE PROCESSING 

. DRY SINTER PROCESS 

l SELECTED DENSITY: INCO 287 POWDER 

. THICKNESS 0.029 f 0.002 IN. 

l SINTER POROSITY 82 < 87%. OVERALL POROSITY 78 TO 82% 

. BEND STRENGTH 550 t 50 PSI 

l PHYSICAL APPEARANCE 

Figure 39-3 
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ELECTROCHEMICAL IMPREGNATlON 
LOT 1211 IMPREGNATION 
CURRENT TIME BEHAVIOR 

l 1.6 TO 1.8 M Ni(N03)2 4.00 

l 0.12 TO 0.18 M Co (NO3)2 

. 4 i 2% ETHANOL 3.60- 

. pH 2.8 TO 3.2 .- z 

. 70 TO 80% 5 3.30 - 
> 
ui 

l 0.35 AMP/IN.2 

l LOADING 1.45 TO 1.75 GmKM3VOlD VOLUME. INCLUDES (f(OH)2 
3.70 - 

Figure 39-4 

FORMATION 

l 20% KOH 

. 3 l/2 CYCLF’ 

l INITIAL DISCHARGE 

Figure 39-6 
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Fiqure 39-7 

Figure 39-8 Figure 39-9 
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ELECTRICAL CH~~RWTIOIY TEST 

l 20 CYCLES AT C RATE 

. 16 HOUR CHARGE C/10 

l CR DISCHARGE TO -0.2 V VS HG/HGO 

l FINAL CAPACITY MEASURED 

. RINSE TO CLEAR PHENOLPHTHALEIN AND DRY 

. FINAL WEIGHT 

Figure 39-10 

LOT 1200 ECT WEIGHT LOSS DATA 

ECT CAPAClTY INCREASE VilTli CYCLING 

Figure 39-11 

POSITIVE ELECTRODE STRESS TEST 

LOT NUMBER PICK-UP WT. GM WT AFTER ECT, GM [ AWT, GM 

I 
1209 90.9 96.3 -0.6 

1299 
I 93.3 69.5 -3.6 

1210 92.6 90.0 -2.6 

1211 92.6 99.4 -2.4 

1212 96.6 93.4 -2.4 

1213 96.6 93.1 -3.7 

1214 94.2 91.9 -2.3 

1216 94.7 93.3 -1.4 

L- 1216 92.7 91.2 -1.6 

1217 92.7 92.1 -6.6 

I 1219 932 92.4 OB 

Figure 39-12 

. HOT FORMATION 

2 CYCLE 
26% KOH 
7wc 
5C RATE 

. INITIAL WEIGHT 

. INITIAL CAPACITY 

12 MIN 5C CHARGE 
1 HOUR Cl2 CHARGE 
C DISCHARGE TO -1.OV 

. 200CYCLES 

12 MIN 16C CHARGE 
S MIN 1oC DISCHARGE 

. 5 CYCLES IDENTICAL TO INITIAL CAPACITY 

. CAPACITY 

. WEIGHT LOSS 

. APPEARANCE 

Figure 39-13 

LOT 1000 STRESS TEST RESULTS 

1006 16.W 
1844 

lOQ# 14.661 
15-01 

lOQ5 14.610 
24a.3 

lm6 14868 
15-06 

1005 14.441 
16-06 

1m3 14.861 
12-o-a 

lrnl 14866 
m-03 

1002 14.483 
m-04 

1.24 

1.24 

1.19 

1.19 

1.19 

1.31 

116 

WEIGHT 
~ LDSS,GIY 

0.272 

0.152 

Figure 39-14 
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Figure 39-15 

NASA-MC TECHNOLOGY PROGfWl 

FACTORS 

PLAQUE MECHANICAL 
STRENGTH, PSI 

PLAQUE PORE SIZE, 
p IN DIAMETER 

ACTIVE MATERIAL LOADING 
LEVEL GM/CM3 VOID 

350 500 650 

8 15 25 

1.3 1.45 1.6 
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COMA-I’ LABS LIFE TEST DATA FOR Ni ii2 CELLS 

J. Stockel 

COMSAT 

This afternoon I’m going tc give a very short 
presentation on the data that we’ve been taking in our lab 
over the last six and a half years. This is a nickel 
;;y;ogen battery that was made for Intelsat by TRW back In 

It was a ten cell battery and the cells are the NPS-2 
type’cell. The identical cells are flying in orbit in a 
Navy satellite. 

It’s a 35 ampere-hour rated ce31 that delivers 
about 37.5 to 40 measured capacity. The plates are 
electrochemically impregnated using slurry plaque. And, 
like I said, it.‘s been on test now for about six, six and a 
half years, and we just completed or we just went through 
two days ago the 14th eclipse season. 

(Figure 40-l) 

On this axis is plotted the eclipse season, and on 
the Y axis is the average end of discharge voltage for the 
cells. 

Back in ‘75 we decided we would start the battery 
testing simulating the 12 hour NPS-2 type orbit. Then after 
the fourth eclipse season we shifted over to the 
geosynchronous type orbit. 

In between I guess five and seven we did have 
daily discharges to 60 percent depth of discharge during %he 
solstice period. Then we stopped thet. On the ninth 
eclipse season we did do a tero volt reconditioning of all 
the ceJls. From then on we’re just coin? zero volt 
reconditioning of half the cells. 

The cells that we picked tc recondition were the 
worst cells in the battery. But the depth of discharge for 
the longest eclipse is 60 percent. P.s ycu can see, the rest 
of the rather low recharge ratio, only I .06, 600 milliamos 
trickle rate discharged at approximately C/2, which is 17.5, 
and we charged at approximately zero to ten, which is 3.5 
emps. 
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So it’s been fairly steady throughout the 14 
eclipse seasons, six and a half, seven years of lifetime. 
And this is real time, by the way. 

(Figure 40-2) 

1 did take out just a few weeks ago one of the 
cell from the battery to analyze, and 1’11 present for 
information purposes the physical and chemical analyses I 
did on one plate frorn the cell that 3 removed from the 
battery. 

pie have a thickness of about .081 centimeters. We 
do the chemical analysis for the nickel hydroxide, the 
cobalt i we break out the sinter, the substrate; total them 
all up, and the difference of that weight subtracted from 
what the plate weight started at the beginning, we give the 
catch-all term of water. 

The loading is 1 .37. And khat I mean here i s 
that’s just loading considering nickel, nickel hydroxide 
only, 1.37. aut I was interested in nickel p11-l~ cobalt and 
that’s also given, and then this would 5e the total loadinq 
or the loading that you would be based on if you took the 
typical weight gain of a plate during impregnation. 

I do utilizations at two temperatures. This is 
flooaed. The utilizetion is just a ratio of the floodino 
capacity to the theoretical capacity. The flooded capacity, 
this is free standing electrolyte, we do a 20 degrees C; 
it’s 1.33. Vie get a vast increase when we go down to zero 
dearees, we go down to 1 .76 on this pla%e. And the 
utilization at room temperature is 1 and 1.32 at the lower 
temperature. 

This is porosity that of ccurse we’d get from just 
measuring the thickness and the area and the volr~me of the 
plate. Just for the plaque it’s about 82 and for the sinter 
it’s a little higher. Plaaue, of tours e, contains the 
substrate. 

(Figure 40-3) 

Just to give a little comparison, what I call new 
plate, very limited data. I really had only one plate to 
compare that to. This was back five years ago. I went bac!c 
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through some of my old archive data and found that we had 
about .79 centimeters on one of the plates.that we analyzed. 
We did do a flooded'capacity at room temperature. It was 
1.34. 

Now this used plate was the one I removed from the 
cell after six and a half years. Ant that, once again, is 
only one plate. This is very preliminary and I will get a 
better number for these actually when I measure all the 
plates. And it was 1 .33. but what WES more interesting I 
thought, the cell that I took the plate out of, I reached 
into the battery, pulled out the cell thet had been on 
trickle charge for the solstice periolrl, took it back to the 
laboratory and discharged it, just as it, wes. And it was 
able to produce 40 empere-hours out to one volt. If anyone 
remembers when I oeve my peper in Atlanta at the ICEC, the 
capacity we were able to measure in crbit on the ?JPS-2 
battery was 40 ampere-hours. 

(Slide not available) 

Also I did a high rate cycl.ino on this plate after 
six and a half years. Khat we do for our hich rate cvclino 
is an IS-minute cycle where we charge at 12 amps for 12 
minutes and then discharge at 12 amps for six minutes. 
That’s with 100 percent overcharge. There is no 
overdischarge. 

tie did it overnight for ebcut 5b cycles, and \.lc) 
did not see any blisterino on these six and a half year old 
plates. 

(Slide not available) 

I have a picture here of what happens when a 
plate blisters. It’s very obvious. This is a plate that 
went through that high rate cycle test. A lot of times it 
hill happen in the first or second cycle; this one I believe was 
overnight. This is what happened to this plate after 51’) 
cycles. 

Thank you. 

STADNICK (Hughes Aircraft): L’Jhat was the 
temperature during the orbital averace? 
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STOCKEL: Ten degrees, Steve. In this battery the 
cells are captured in sleeves, similar to your design. It’s 
captured in sleeves and the c.ell actually sits through a 
honeycomb base plate. The base plate is bolted to a 
temperature control plate, and we maintain that at ten 
degrees. 

STADNICK: And your capacity tests were for what 
temperature? 

STOCXEL: The capacity tests were all done at 
ten. The av.erage temperature of the NPS-2 spacecraft in orbit 
when it discharged was about 14.5 to I5 degrees. 

MILLER (Eagle-Picher): Joe, those were real good 
looking cells there. Who made those, Joe? 

(Laughter. 1 

idea i 
STOCKEL: I can’t remember, Lee. Have you got any 

(Laughter. 1 

Didn’t I say? I thought I did. 1 slipped up 
there. 

BETZ (NRL): Joe, on the discharge after six and a 
half seasons did you see a second plateau or was it the 
same type of curve? Did you see any evidence of second 
plateau on that discharge? 

STOCKEL: No. At the high rate I didn’t. 
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Figure 40-l 

Figure 40-3 

Figure 40-2 

485 





LIFE TEST OF 50 AH NiH2 BATTERY 

D. Warnock 

USAF 

I have two topics and one time sl.ot, so I have 
abbreviated both of the presentations to make them fit. 

(Figure 41-l) 

1 have two Vu-graphs on some life cycle testing 
that we have been doing on a battery whose age is very 
similar to Joe Stoc!;el”s battery: the cells were built in 
1975, they were put into a battery in 1976, flown in 1977 in 
low earth orbit. These cells were made by Eagle-Picher. 

(Figure 41-2) 

I’m just going to give you the two most important 
charts. The test is being run in a rather unusual fashion. 
We cycle for a 1000 cycles or so, ano then we short it, let it 
sit around the lab at room temperature for several months -- 
nine months, a year, whatever, cycle it for another 1000 
cycles or so, and then let it rest. 

One of the things that we’re looking for is to see 
if we are getting degradstion in performance during the 
periods when the battery is not beinc cycled, and comparing 
that to degradation of performance that we get when the 
battery is being cyclea. We have abcut 6000 cycles on it 
now. 

For those of you who are familiar with 
presentations that Marty Gandel has rr:ade on a similar 
battery, this is the same kind of battery that Marty has 
reported on. tiarty eventually got tc 13,000 cycles on his. 
There were three batteries built for that space experiment, 
50 ampere-hour cells, 2l-cell batteries, asbestos 
separators, slurry process plaaue, Eagle-Picher/Bell process 
type electrochemical impregnation. 

We had one cell failure when we tried to restart 
after 3000 cycles. And althouoh I heve other data and 
charts that will not be shown today, I assume those will 
appear in the proceedings. 
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The most interesting date is when you take the 
average cell voltage of the cells that are operating. And 
what we see here is that, well, initially they were cycled- 
you can hardly see: there’s a little point here and a little 
point here, and that indicates some cycling that was done at 
Eagle-Picher under the same conditions in 1976, I believe. 

This reprzsents the first phase of testing at the 
Propulsion Lab. So there’s a gap between here and the start 
of this testing of, oh, a couple or three years. 

The axis down here is cycles, not time. 

There’s a gap over here of about nine months, and 
a gap over here of, I think on the order of nine months to a 
year or so. 

G’Je,‘ve done a least squares linear fit to the data 
in each of the cycling phases. And, as York can see, the 
slope of that fit is almost exactly parallel for each of 
those phases. So it looks l.ike the same process is taking 
place at the same rate. 

There does not appear to be any degradation in the 
periods when the battery is not bein< cycled: in fact, it’s 
rather obvious that there is a recovrry of performance. 

It could be that there’s a component of 
aegraaation which is being masked by a larger component of 
recovery. I really don’t know the answer to that. but it 
certainly appears that on these cel1.s. which are about six 
years old, that shelf life is not E problem for them. There 
does not appear to be any deqradaticn of the battery that 
can be related to the period of time when it’s sitting on 
the shelf. 

(Figure 41-3) 

The only other araph on this topic is to show a 
similar plot for the end of charge voltage. It shows aborlt 
the same performance. 

The slopes of the degradation curves are about the 
same, and you can see that the performance at the end of the 
last period is about the same as the performance at the end 
of this period (indicating), and about the same as the 
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performance bracketed out here by the very early testing 
done by Eagle-Picher in 1976. 

There will be more abo.ut this. This is a 
continuing test. And I hope to be able to present more data 
on that in the future. 

My second topic is that, about once a year I like 
to come her.e and give some indication of where the Air Force 
is and where we’re aoing, and why. 50 I have about a half a 
dozen charts that will give you some idea of where we are 
going and why. 

(Figure 41-4) 

Many of you may have seen this chart before. It 
covers the Air Force program since the beginning: the 
exploratory development, the advanced development leading to 
a 3-112 inch individual pressure vessel, or IPV, cell. That 
has now gone into manufacturing technology. Yardney 
Electric has the manufacturing technclogy program. Hughes 
has the advanced development program here. 

We’ve taken these components, c.nd, in 197Y, we 
went into exploratory development of common pressure vessel 
moaules. That work is being done by EIC Corporation. The 
main advantage of common pressure vessels is that it simply 
increases your packaging efficiency. It gives ~OIJ better 
weiaht energy density, better volume energy density. txlt 
basically it’s a packaging program. 

I think t!le lest time I presented this chart here 
I probably indicated that the next step we hoped to take wes 
to go to a large capacity IPV. Ihat would be a 4-l/2 inch 
diameter, which would enable us to go to capacities as hiah 
as 15C amper e-hours. We ran into approve1 problems on that, 
because that doesn’t improve your volume energy density and 
it doesn’t improve your weight energy density, and the Air 
Force wasn’t really too happy about that. 

The only thing that we could tell them that it 
woula do was extend cell capacity and reduce cost, and that 
wasn’t sufficient to get approval for the program. 

We were, however, successful in getting approval 
to go to a 4-l/2 inch diameter CPV program, and that enables 
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us to do an end-run and develop the components we need here, 
and, if necessary, come back and d.o that later on. And 
that-/s what we’ll be doing. 

(Figure 41-5) 

The benefits of the CPV program are the subject of 
the next few charts. 

What I’ve plotted here-- It will take a minute to 
qet oriented to it: it’s Obviously a three-dimensional plot. 

We have cell capacity out to I50 ampere-hours versus cell 
diameter up to 6-112 inches, and the Y axis is cell energy 
density in watt-hours per pound. 

So we have a surface -- actually we have two 
surfaces. The lower surface is for IPV cell technology, and 
the upper surface is for common pressure vessel technology, 
where there are six cells in each mocule. 

The advanta9e of this kind of e graph is not for 
picking off data points, obviously, but it does give you a 
9ood idea in a very concise form of what the trends are when 
you change various parameters, what it does to York in terms 
of weight and volume and ener9y density. 

A couple of points of interest here. It’s sort of 
hard to see, but at 3-l/2 inches, this line comin9 up 
through here stops at this point. And what that means is 
that the packaging of the leads in the hole that runs down 
the middle of the electrode stack starts to get very 
crowded, and in the Air Force design you cannot 90 beyond 
around 50 to 60 ampere-hours with the 3-l/2 inch diameter 
because of the lead crowding. So this surface ends here. 

You 90 to 4 inches and you can 90 out to a larqer 
capacity. You go to 4-l/2 inches and you can now 90 all the 
way out to 150 ampere-hours, which is our interface with 
KASA. The Air Force will be doing cells up to 150 
ampere-hours, NASA will be doin aboLe 150 ampere-hours. 
4-l/2 inches enables us to get to the limit of the capacity 
that the Air Force is interested in. 

The red line indicates the present capability: 
that is, the 3-112 inch diameter cell running out to 50 to 
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60 ampere-hours. 

The upper red line indicates the capacity, or, 
rather, the energy density that we will get with the 4-l/2 
inch 6-cell CPV. And, as you can see, there’s a substantial 
increase in weight energy density or watt-hours per pound. 

Since you can’t pick the numbers off this graph 
very well, I’ve done it for you, and put it on another 
chart. 

(Figure 41-6) 

This now shows, in terms of cell capacity out to 
150 ampere-hours, the advantage in percent that a 6-cell, 
4-l/2 inch CPV has compared to a 3-112 inch IPV, and to a 
4-112 inch IPV. 

You can see that at capacities below around 50 
ampere-hours, the advantage of the CPV runs up to a verv 
high percent, 50 percent or more. 6 Fyond about 50 to 60 
ampere-hours, the advantaae plateaus at ebout 22 to 23 
percent increase in weight energy density. That isn’t 
dramatic, but it’s worthwhile. 

(Figure 41-7) 

We’ll take a quick look at the same thing for 
volume energy density. The axes are the same, the lower 
surface is IPV and the upper surface is CPV. Now you can 
see an even more dramatic improvement in volume energy 
density. Instead of a gain on the order of 20 to 50 
pert ent, we’re getting a volume energy density increase 
closer to about 100 percent. And when YO~J get that kind of 
an increase in volume energy density with nickel-hydrogen, 
you’re getting very close -- not quite to, but you’re 
getting very close to the energy density, volume-wise, of 
nickel-cadmium; not quite, but you’re within about 10 or 15 
percent. 

Again, the lower red line indicates the present 
capability, a 50-ampere-hour cell, 3-112 inch diameter, out 
to ebout 60 ampere-hours. The upper, the CPV running all 
the way out to 150 ampere-hours. P.nc, acain, I’ve done the 
arithmetic for you and put it on another chart so that you 
can see directly, or more quantitaticely, what the advantage 
is. 
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(Figure 41-8) 

Now we’re looking at the percentage improvement in 
watt-hours per cubic inch of the 6-cell, 4-112 inch CPV, in 
this case compared to a 3-i/2 inch IPV. You can s.ee you’re 
running from 150 percent improvement, 100 percent 
imorovement, to, oh, about 70 percent improvement her.e. And 
if you were comparing to a 4-112 inch IPb, this kind of 
improvement out here (indicating). 

beyond the capability of the J-112 inch diameter 
cell, the improvement, again, would be .a maximum of abOlJt 
175 percent down to a minimum of 100 percent improvement in 
volume energy density. 

So this is what the Air Force is looking for. 

There’s one set of charts missing, and maybe one 
cay 1’11 have them. I’d like to be able to show the 
improvement in cost. I think it’s gcing to be very 
substantial. A lot of the cost of our cells is in the 
pressure vessel and the labor and the welding. And it 
certainly will be less expensive to make one large pressure 
vessel than it would be to make, say, five or six small 
ones. 3ut in order to come up with those cost numbers, I 
need information that we don’t have right now. I do expect 
a very substantial cost improvement. 

Thank you. 

DISCUSS ION 

HAMPEL (General Electric 1: What was the nature of 
that cell failure you mentioned in Tcpic No. 17 

WARNOCK: The cell shortec. And we don’t know 
what happened internally, but it was a short failure. We 
did not wire around it. The cell is still wired in, just as 
if it were an active cell in the battery. And there is a 
voltage drop across the cell, both on charge and discharge. 

The data that you saw, we took that voltage out so 
that when we normalized it to average we would get the true 
average of the cells that were operating. 
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But it’s a short fai.lure. .The cell is sti.l.1 wired 
into the battery, and it’s having a boltage drop acro.ss it. 

DYER (Bell Labs): On the charging after yo.ur 
period of stand on the low earth orbit cycles, what were the 
conditions on the recharge? Did you use the C rate or 
thereabouts, on recharge? 

‘VVARNOCK.: I honestly don’t know. 1’11 have to ask 
my laboratory engineer. But I think that the first charge 
after a rest period is a rather gentle charge over a period 
of like 12 hours. And it’s done at E current that would 
not give us significant overcharge. 

So it’s that sort of a thing. But within one or 
two cycles it goes right back into a regular 90-minute 
orbit. 

DYER: And what temperature would that have been 
at i do you remember? 

WARNOCKX Our battery is operating at the 
laboratory room temperature; which is nominaJly 20 degrees 
c. And it is stored also at that temperature. 

DYER: And it’s stored shorted, too, 1 assume, 
during the intervals? 

UARNOCK: Yes. 

DYER: One other quest ion. The common pressure 
vessel design. Are we getting close to any of those limits 
you showed on those theoretical surfecesi 

WARNOCK: Not in the work that has been done so 
far, because the exploratory program is using only 
boilerplate pressure vessels: there have been no lightweight 
cells built. However, the surfaces that are shown are not 
based on any improvement in technology. In other words, 
those are computer generated numbers based on the kind of 
technology that we use now in the IPV ceJlsi the same 
strength for the pressure vessel material, the same capacity 
for the electrodes, and that sort of thing. There is no 
improvement in the technology. Those surfaces show purely 
changes in packaging factors. 
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HARKNESS (Crane12 Along the same lines, on the 
reconditioning, you said you ran a couple of cycles after 
the initial charge. Were those 100 percent DOD cycles? And 
did you see a slow buildup in the capacity, or did you have 
almost maximum capacity after the first couple of cycles? 

WARNOCK: Those are not 100 percent depth. Again, 
I-/m not sure about this, but I think thet- The battery has 
been stored shorted. He charges it up rather slowly for 
about a 12-hour period to essentially fuJ1 charge, then does 
a 50 percent depth, back up to full charge, and, if 
everything 1 ooks good, immediately goes into 90-minute 
cycling at 50 percent depth. 

OTZINGER (Rockwell): When you showed your 
surf aces there, one parameter that ycu didn-‘t spell out was 
the maximum design pressure. And thrt pressure, of course, 
would influence drasticaJly the results. I think right now 
you’re designed for -- what? -- around 500? 

WARNOCK: About LOO is the ma>: operating design. 

OTZINGER: So if you went, up to, say, 1000 or so, 
then it would change your. . . . Is there ;.ny plan to look 
into doing that? 

WARNOCK: The pressure increase that you get in 
aoina these various packaging exercises manifests itself in 
a thickening of the pressure vessel, which is included in 
the calculation, in the computer procram. So the surfaces 
accurately represent what happens to the weight of the 
pressure vessel as the pressure chances when yowl change the 
packaaing factors. It turns out that at 4-l/2 inch diameter 
you will have pressures of around 15C:O psi. 

One of the reasons that the Z-112 inch CPV has a 
poor energy density-- If I may, 
momentarily to that Vu-graph. 

I’ll go bat!< just 

(Figure 41-8) 

On this upper blue surface which represents CPV, I 
hope you can see that as you go to lcwer diameters this 
surface is starting to curve over here rather dramatically. 
And the reason why that surface is turning down, and it 
actually drops below the IPV surface at C-112 inches, is 
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bec.ause of the increase in thickness of the pressure vessel 
as the pressure gets very high in a L-112 diameter CPV. 
Because you’re really cramming the cell down into the 
minimum pressure vessel size that you can get. And the 
pressure starts to skyrocket below around 4-l/2 inches. 

I have plots -- 1 don’t have them with me, but I 
have plots that show what happens to the pressure. And you 
have a buildup in pressure coming in this direction, and at 
about 4-112 inches that pressure starts to shoot up off the 
top of the graph. It’s shooting up to like 3000, 4500 psi. 
And that,‘s another reason why the CPL optimizes much better 
at about 4-l/2 inches than at 3-l/2. 

HARKNESS: At the end of each cycling period I 
know you must run a capacity check before you go into your 
rest period. We can see the voltage degradation. Are you 
also qetting a degradation in capacity? 

WARNOCK: Again, I don’t hzve the numbers at my 
fincertips, but we have not experienced cny significant 
aeqradat ion in capacity, other than the fact that the 
end-of-discharge voltage is a little bit lower. The 
capacity of the battery still is esscntielly what it was 
five or six years aoo. 
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Figure 41-g 
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CYCLING CHARACTERISTICS OF NiH2 CELLS IN STANDARD 

AND DAILY ENERGY BALANCE LEO ORBITS 

P. Ri tterman 

TRW 

About thr.ee years ago Don Warnock was kind enough 
to arrange for Hughes to lend or give ‘NW three cells from 
their Advanced Development Program, I’m going to talk about 
some tests that we’ve done on the first generation cells of 
the Air Force-sponsored Advanced Development Program. 

These results involve a conventional low-earth 
orbit and a daily energy balance peak. pov:er low earth orbit. 

(Figure 42-l) 

As most of you know, veriovs spacecraft houses 
received three cells from the Air Force via Hughes and the 
cells were of the Air Force desion. They were 50 
amoere-hours rated capacity. Thk electrodes were the 
pineapple-s lice shaped electrodes with a recirculatina stack 
design. 

Ihe separator extended beyond the stack to the 
cell wall, touching the zirconium oxide-coated cell wall for 
electrolyte recapture which was lost thrcugh entrainment. 

The positive electrodes were made bv an aoueous 
solution electrochemically impregnated method, and two cells 
had zn asbestos separator, one cell had the Zircar 
separator. 

(Figure 42-2) 

First let’s talk about the conventional low earth 
orbit. 

Two asbestos-separator cells were used. I have 
the same base plate but by selecting the mass of the thermal 
Jacket I got the one cell to operate from 5 to 10 degrees 
C .O and the other cell to operate from IO to 15 degrees C. 

The two cells were subjected to a 90-minute orbit. 
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50 amps, the C rate was the discharge rate lasting half an 
hour, the initial recharge ratio was I ,08. 

The data I’m going to show is a plot of 
end-of-charge and end-of-discharge voltage versus the number 
of cycles completed, and end-of -charge and end-of -discharge 
pressure versus cycles completed. 

(Figure 42-3) 

Let’s look at the end of charge initially. 

‘IYe get a slight rise in voltage, a taperinq off, 
and then, due to a qower failure in the power supply that we 
ran the tests with, we were forced to do a reconditionino. 
lhe reconditioning caused a slight drop in the end-of-charoe 
voltaae. 

Let’s go down and see what happens at the end of 
discharge at the same time. 

At the end of discharge the results of the 
reconditioning caused a voltage rise but as you can see from 
the end-of -discharge data, the voltace was beginning to 
decline before the reconditioning ant continued to decline 
at a more rapid rate afterwards than prior to the 
reconditioning. 

In essence if we haa not done the reconditioning 
this would have been a smooth curve descending down to an 
end-of-discharge voltage slightly below 1.10. 

Ke then did a deliberate reconditioning. And it 
seemed that the two cells bjust went along on the same 
preaetermined path, so that if we arew a solid line it would 
essentially follow this except for it would not have the 
slioht rise in voltage which was the result of 
reconditioning. 

tie then turned to increasing the recharge ratio to 
1.16, and this didn’t help matters significantly. Perhaps 
it helped initially but at the end of 6,000 cycles, both 
cells failed due to low voltage and low capacity. 

(Figure 42-4) 
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During that same time we traced-the pressure and 
the pressure seemed to indicate --- .and this is a tentative 
conclusion -- that the chargeability of the cell was being 
reduced; that is to say, the end-of-charge pressure was 
gradually going down. And naturally the end-of-discharge 
pressure is going to follow that. In fact, the difference 
between the end-of-charge pressure and the end-of-discharge 
essentially remained a constant throughout. 

(Figure 42-5) 

Now let's discuss the daily energy balance-peak 
power load. That was done with the Zircar separator cell. 
We used 15 different cycles of peak different duration, 
repeated on a daily basis, so that every dev was like every 
other day but you had 15 different cycles during that day. 
Each cycle used two discharge rates. 

“Initial peak pu1se.l’ is reelly an incorrect term 
because sometimes that rate is as long ES I6 minutes, an 
initial peak rate of approximately I .4 C., and then a basic 
rate following that initial rate of about .2 C. 

We had the same ampere-hour input for each charge, 
and that was about 16.9 ampere-hours, or I7 amps for a 
duration of 58 minutes. The daily recharge ratio was 1.05. 
Ihat means if you added up all the charges in one day and 
all the discharges, you’d have 105 percent of the discharge 
equal to the recharge. 

Ana the operating temperature -- this is cell top, 
and the previous operating temperatures I was talking about 

were also cell top -- ranged from 10 degrees C. to 20 
aearees C. 

(Figure 42-6) 

This slide describes in q-cater detail the 15 
different cycles. For the first three cycles, the peak 
pulse lasted for I8 minutes. Since t’e had a 36-minute total 
discharge time, the low basic rate also lasted for 18 minutes. 
And then we go on to slightly different times. 

We hit the minimum, the greatest depth of 
discharge at the end of the third discharge of the day; that 
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18 minutes of peak pulse rate and I8 minutes of just 
Egic rate. 

(Figure 42-7) 

Using the charge and discharge ampere hours 
numbers I made a theoretical plot of the state of charge at 
the end of charoe, the state of charge being this ordinate 
and the depth of discharge at the eno of discharge at the 
high rate and the end of discharge at the subsequent lower 
rate the other ordinate. 

;Vhat this shows is that we are only fully charged 
initially; that is, after the first charge I don’t indicate 
anything above 100 percent. We’re at 100 percent when we 
begin, and we’re back to 100 percent when we end, and we are 
at 100 percent after the 14th charge. 

So that means in the I5 cycles each day, there are 
only two cycles where the cell is actually subjected to an 
cvercharge. 

The depth of the discharge, according to the 
calculation, reaches a maximum 66 percent DOD at the high 
rate and then when we follow up with IF3 minutes of low rate, 
we hit a maximum DOD of 74 percent. Ana we follow this all 
the way up and it essentiaJly goes brck to its initial 
condition. 

I don’t show a 15 over here. 3 should also show a 
1 over here, but it does go back to p.hat it did the previous 
day, of the first c!large and the f irct discharge. 

Let me put this Vu-graph o\er here. 

Now let’s look at the volteae, actual measured 
voltage during the 100th day, which is the 1500th cycle to 
the 1515 cycle. 

(Figure 42-8) 

As I mentioned before, the voltages indicate that 
we are in overcharge only after the first charge, and after 
the 15th. you can see the voltage is essentially below I .5 
during all the other end-of-charge pcints. 
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The minimum end-of-discharge voltage at the end of 
the basic rate is about 1.26 V on the hundredth day; the 
minimum end-of-discharge voltage at the end of the l8-minute 
high rate discharge is about I .17 V. 

(Figure 42-9) 

Now this is the same data at the end of the 700th 
oay, or about 9,000 cycles later. EssentiaJly the results 
have not changed. There’s a slight crop in voltage as we go 
from the 100th day to the 700th day, but there/s essentially 
no change and I would say no significant degradation. 

Let’s look at the plot a different way. 

(Figure 42-10) 

Plotting the minimum end of discharge voltage at 
the two rates, we see that we now hale completed more than 
above 10,000 cycles. This is a semilog plot. Deterioration 
is very slight, relative to the amount of voltage 
deterioration we saw on the conventicnal low earth orbit 
cycle. 

Let’s look at pressure. 

(Figure 42-11) 

Pressure is an indicator of nickel-hydrogen state 
of charoe, and if you look at that Vu-ar?,ph over there and 
this pressure data here you essentially have the same curve. 

So there is a theoretical curve and here is an 
actual curve of pressure, so the pressure accurately tracks 
the state of charge. 

This time I went back to the first cycle after the 
15th, and we essentially go back to the same state of charge 
that we started with on the first cycle. Ihat’s the end of 
charge. And the same end-of-discharge pressure as we began 
initially, so we’re returning the cells to the same state of 
charge at the end of each day, at the end of each 15-cycle 
day. 

(Figure 42-12) 
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Now here’s the same data. This was at the end of 
1,500 cycles. This is the end of 10,500 cycles, 9,000 
cycles later, and the cell pressure essentially behaving the 
same way. The cell has not increased the state of charge or 
has not gained any hydrogen pressure nor has it lost any. 

I will superimpose the 100th day pressure data 
over the 700th day pressure data. 

As you can see, except for minor differences 
because we don’t have absolute contrcl of the current and 
there are slight variations, it coincides very well. 

(Figure 42-13) 

Some tentative conclusionsr 

Let me say I had other cells on these tests. I’m 
not ready to discuss this yet. I ,_iust reduced this data 
about a week ago in this particular fashion, but the 
conclusion I want to discuss now is tentative and based only 
on what I described here today. 

Based on these results I would have to say that 
under routine, conventional LEO application, the first 
generation Hughes cells indicate a life of just a little bit 
more than one year at temperatures of 5 to IO degrees and 
temperatures of I5 to 20. Howard (:-icgers of Hughes) is 
looking at me, but I’m saying based on these results. 

The daily energy balance treatment has 
significantly prolonged the cell life and has resulted in 
signficant improvement in performance. 

The daily energy balance-peak power load 
application for nickel-hydrogen cells of this type has been 
shown feasible for two years and beyond. I have some ceJls 
that have gone as long as four years and are still running. 

DISCUSSION 

MILDEN (Aerospace): Have you taken the two apart 
that have failed? 

RITTERMAN: No, I have not, but I intend to. 
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MUELLER (McDonnell-Douglas): I notice that you 
don’t s.ee any pressure buildup whatscever on your daily 
energy balance test. Do you feel that’s a function of the 
Zircar separator, or is it a function of the charge regime, 
or what do you attribute that to? 

RITTERMAN: It’s probably 2 function of the charge 
regime. I haven’.t shown all the date. I have some asbestos 
cells made by another manufacturer that underwent this test 
and they behaved essentially the same way. 

MUELLER: Thank you. 

ROGERS (Hughes Aircraft 1: For what it may be 
worth, we”ve cycled cells with different positive 
electrodes, in this case Air Force process, and I’ve seen 
pressure build up over many, many cycles at 80 percent depth 
of discharge, as many as 6,000-plus cycles. 

RITTERMAN: I don’t deny that there is pressure 
buildup on your ordinary low-earth-orbit cycling. In fact I’ve 
shown it. Where I say there is no pressure buildup and no 
deterioration is on the daily energy balance type of cycling 
where we limit the number of overcharges. 

DYER (Bell Labs): Could you show us your daily 
charging regime, please, again? 

(Slide.) 

RITTERMAN: This is one. 1 think you’re talking 
about the little picture. 

DYER: Yes. There were I5 cycles I believe. 

R I TTERMAN: Yes. 

DYER: I can’t read the currents on the right hand 
very well. 

one. 
RI-ITERMAN: That’s why I wented to show the other 

The curreilts are 69.2 for the pulse rate, 9.2 for 
the basic rate, 17.2 amperes for the charge. 
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DYER: Okay. . 

What’s the sequence? Can you remind me of the 
sequence in which these occur? 

RI-I-TERMAN: Okay. B.eginning with charging, .we 
charge the cells for-- Well, actually we begin with 
discharge so we sta;-t out with Cycle 1 with a fully-charged 
cell, so we discharge at 69.2 amps fcr X minutes. Then we 
discharge for 9.2 amps for 36 minus X minutes. And then we 
charge for 17.2 amperes for 58 minutes. That.‘s the same’ 
throughout the entire test. 

DYER; Thank you. 
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II DAILI ERERtl fNAHtE LEO - MY IM 
-w--m 

PRESSURE VS CYCLE HWIBER 
- 

IRW II DAILY ENERGY BALMCE LEO - DAY 700 
---I-- 

PRCSSURE VS CYCLE RWBER 
-- ~ __ 

Figure 42-12 

COECLUSlONS 

BASED ON THC, RESULTS OF T%E COf!VEI!TIOHAL AND DAILY ENERGY BALANCE 
WITH THESE THREE AIR F9RCE DESIGI: CELLS IT MAY BE CONCLUDED THAT: 

. THE LIFE OF THE FIRST GEF4ERATION OF HUGI MVANCED 
DEVLLOPMENT CELLS !rl CONVENTIONAL LEO APPLICATION Al 
50% DEPTH APPEARS TO BE A LITTLC MORE TIIA:! 1 YEAR. 

a !lAILY EIICRGY BALAb!CE THREAT?lENT SIGNIFICANTLY PI'JLONGS 
CELL LIFE AND I?lPROVES PERFOR?lANCE 

l DAILY ENERGY BALAPC:-PEAK POWER LOAD APPLICATION HAS 
BEEH SHOWN FEASIBLE FOR 2 YEARS AND BEYOND 

Figure 42-13 
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SOME PROPERTIES OF Ni HZ CELLS 

H. H. Rogers 

Hughes Ail'craft 

The title is a little misleading. What I’m really 
going to be reporting on is a number of different tests on a 
flight type cell. 

(Figure 43-l) 

The cell which I'll be talking about is 
essentially a 25 ampere-hour lightweight cell, and I’ll be 
describing it in a little more detail later. 

The temperature was measured at the cell flange, 
and in this test we charged the cell to rollover at .75 C 
rate at 40 degrees Centigrade for the first temperature. 
Then it was trickle charged at C/80 for the next 40 minutes. 
At that point we took a voltage reading. 
at . 75 C for ten seconds. 

Then we charged 
The ten seconds was simply 

arbitrary to get a stable -- momentarily, at least, stable 
-- voltage. We recorded the voltage and then went ahead and 
did the same thing at 30 degrees, 20 degrees, ten degrees 
and zero degrees. 

(Figure 43-2.) 

This vu-graph shows the plot of the results. 

The C/80 work gave an absolutely straight line 
from 40 to zero degrees. And interestingly enough, that 
slope -- and I noticed on the vu-graph that was shown 
previously, which I think was for nickel,-cadmium, gave, if I 
remember correctly, -2.33 millivolts per degree C. 1his one 
for nickel hydr.ogen gives a value thet wou.ld almost be 
within the experimental error. 

At a higher rate you get a somewhat different 
slope which changes, and I think what we’re doing is seeing 
the effects of resistance and polarization generally in the 
cell. 
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(Figure 43-3) 

The next thing we did was to look, again with the 
same cell, at cell voltage as a function of charge rate at 
full charge. I’m basically. defining full charge here as 
that charge which is accepted at C/lG at around room 
temperature. So to start this work we charged at C/t0 until 
we get a stable voltage, and .th.en went at C/IO to the next 
level, to the next level and to the next level. 

The cell flange temperature in this test ranged up 
to as high as 2.8 degrees initially due to the C/IO 
overcharge. But the voltages which you’ll be seeing were 
corrected using the previous curve to 22 degrees Centigrade. 

(Figure 43-4) 

The C/IO plot as you may notice, looks like the 
usual end of a C/IO charge. tie then dropped to a 
C/20 rate and got the somewhat peculiar looking curve you 
see. Then the next one went to C/40. 

(Figure 43-5) 

In this vu-graph you see the result at C/tiO. PVe’re 
actually able to hold a charge at those trickle charge 
rates. Eut et C/l60 we could not maintain a full charge. 
Not I’m sure that the cell voltage woula stabilize at a 
lower state of charge, but we didn’t continue the charge. 

(Figure 43-6) 

Kext we looked at the recombinetion of oxygen at a 
low temperature where naturally there is a concern in nickel 
hydrogen. At a cold temperature you might get an oxygen 
builoup that could be a cause for concern. So we did the 
actual experiment using the same cell again, charging at C/2 
for 15 minutes past voltage rollover. That is what we at 
Hughes do as a standard oxygen test to determine the 
performance of the cell under high rEte overcharge 
conditions. 

PVe found at -25 degrees C an oxygen cone entrat ion 
of 0.19 percent. Now normally at near room temperature we 
get between .I0 and .I5 percent. but I think all you’re 
seeing is a small change due to a chenge in the aiffusion 
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rate of oxygen probably through an electrolyte layer on the 
negative electrode. In any case it's well below any limit 
that would give us any kind of concern. So we obviously can 
conclude that the hydrogen electrode works extremely well at 
temperatures as low as -25'degrees C, and probably lower. 

(Figure 43-7) 

I will try to be as clear ES I can on this one. 
It’s a rather confusing test. The cell, which I’ll describe 
now, since it becomes of major significance in this test, is 
a flight type ce31 except it was equipped with a valve and a 
gauge because we did have to change the gas in it. The 
positives were Eagle-Picher -- Dave Pickett’s Air Force 
process. The separator was our usuaJ. Zircartknit type). The 
negetives were also our etched nickel-platinum-teflon 
negative, originally developed at EIC. The gas screen was 
polypropylene. This is a recirculating-design cell using 
the plasma-sprayed zirconia wallwick. 

The procedure was to do 16 conditioning cycles at 
e I .l to I in a low earth orbit, and then to do a capacity 
test at a C/IO charge. A C-rate discharge was done to one 
volt and C/2 rate following that to one volt. 

(Figure 43-8) 

We then did a series of capacity tests. The first 
one was to establish the performance of the cell, in this 
case giving 20 ampere-hours. We then put in eight psi of 
nitrogen, a little more hydrogen, and then ran a capacity 
test again and found no significant difference. We then put 
in 50 psi of nitrogen and still no effect. 

At that point we charged the cell at C/2 to ten 
ampere-hours, evacuated all the gas out of the cell, and 
then put in the 65 pounds of nitrogen and no precharge of 
hydrogen, just letting the cell discharge the hyarogen 
normally. At that point our capacity dropped to 12.2 
arnpe re-hou rs , so we were seeing an effect. 

(Figure 43-9) 

We concluded from this test that a very large 
amount of nitrogen is needed to affect the performance, in 
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this case 40 percent at C rate. Probably the most important 
observation is that if you had a cell which had a leak in 
manufacture originally and you filleo it completely with air 
at one atmosphere you wouldn’t see the effect in 
performance. 

(Figure 43-10) 

The next thing we looked at was cell reversal 
under negative-limited conditions, which, of course, is not 
the usual way of operating a nickel-t.ydrogen cell. 

Ye used a boiler plate cell in this case with six 
positives, the same type of electrodes as I previously 
described. We did a capacity test with e C rate charge, 1 .4 
C discharge, and ran 12 cycles of whet we call a 
cycling capacity test at a C/D ratio 1.1 to I, which will 
build up the capacity. A final discharge to one volt 
resulted in a capacity of seven ampere-hours. 

The initial test was done under positive-limited 
conoitions. IJe discharged the cell c-t .73 C for 30 minutes 
past zero volts, to e negative I90 millivolts. And that’s 
very much the normal performance for a nickel-hydrogen cell. 

(Figure 43-11) 

Now to get what we refer tc as negative-limited 
reversal, we charge the cell to rollover, bleed off 30 
percent of the hydrogen in the cell end then discharge at 
the sarne rate for five minutes past reversal, an end of 
cischerge voltage of a -.36 volt. 

Zie then refilled the cell with hydrogen, did the 
cycling capacity test and got 7.3 ampere-hours. 

We then repeated the same sequence with 60 percent 
of the hyarogen removed, and again came out with a very 
similar result with no effect whatsoever on capacity. 

On disassembly of the cell we found no observable 
camace to the components. 

C3ne comme;lt on that voltage: Whet you’re seeing 
here in these cases is basically an cxygen cell as opposed 
to the hydrogen cell in normal reversal. 
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Thank you. 

R ITTERMAN (TRW 1 t It’s much, much easier to ask 
questions than to answer them. 

I don’t think you are seeing an oxygen-oxygen 
cell. What you’re seeing is an oxygen evolution off your 
hydrogen electrode and you’re seeing discharge of nickel 
hydroxide, whereas if you have a normal reversal you get- a 
hydrogen-hydrogen ce 11. 

ROGERS: Let’s see. That r.ill be hard to see, 
Paul, because I believe that potential is about the same. 

ii I ?TEiiM.4N: Yes. The thinc is you have stated 
that you bled off some hydrogen. You made the cell 
negative-limited. So therefore you have some positive 
capacity left when you’re gassing oxyoen off the hydrogen 
electrode. 

;~I-JGEAS : You’re right. All I’m saying is if vou 
didn’t have that situation where you’re generating oxygen it 
should be about the same, if it’s catalytic. 

12 I TTERF:,A!% : Xight. 

GASTCjN (2CA 1 : Howard, you mentioned a lightweight 
25 amp-hour cell. What makes it lightweight and how does it 
oiffer from the standard 25 amp-hour cell? 

ROGERS: hell our standerc boiler plate weighs 22 
pounds, roughly. And tiis one is -- actually it’s an 
lnconel 718 case, normal construction for the lightweight 
cell 6s oFposed to a boiler plate design. The only thing 
different was we put a valve and a pressure gauge on it so 
that we could tell what was going on, and then we,‘re capable 
c.f refilling with gas if we wanted tc. Utherwise it was 
exactly the same as our normal flight cell. 

DYER (Eel1 Labs): When you introduced nitrogen 
into a cell and you saw low capacities, what was happening 
in fact? Jere you getting a softening of the knee? Was it, 
in other words, indicating some kind of diffusion 
lini tation? Is that what gave YOU the low capacity? Can 
you remember the voltage time charge on discharge when you 
had a lot of nitrogen there? 
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ROGERS2 I really don’t. 

Do you, Steve? 

STADNICK (Hughes 1: It was very steep at high 
rates, as you would expect, and as you became rate-limited 
you just couldn’t find enough hydrogen to discharge. 

DYERt You just ran out of hydrogen? Is that what 
it was? I thought I saw an end of discharge pressure of 
hydrogen there. 

iiOGERS ( You did. But what we probably did - I 
woulo say Steve is undoubtedly correct in what he said -- it 
was that probably we ran out of hydrogen in the vicinity of 
the electrode because some other experiments which I didn't 
show indicated that there was a time factor. If you let the 
cell stand you can pick up I think as much -- if I remember 
right -- as much as a half to an ampere-hour, which would 
indicate a diffusion mechanism. 

DYZR: One other question. 

You seem to indicate I think that state of charge 
could be indicated by the potential of the cell. You showed 
C/W maintaining the state of charge while C/160 did not. 
Lere you trying to imply that by stabilization of the 
voltage you can maintain full capacity? 

HO GERS : 1 want to make sure I understand the 
question. I think ;ve’re maintaining full capacity of the 
cell at those trickle charge rates. I don’t mean that you 
can use the voltage to determine the state of charge. 

DYE;:, : Okay. i3ut you’re net changing the state of 
charqei you’re saying if you don’t have any change in the 
potential of the cell it’s.... 

HO GEiiS : Yes. And while I didn’t show it, the 
pressure gauge said the same thing. 

LIYER: 3h. Okay. The pressure gauge was steady. 

ROGEdS : I should have mentioned that. 
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DYER: Okay. That's important. 

RITTERMAN (TR;uV)t Just to clear up a few loose 
ends on that oxygen, nickel-oxygen-hydrogen situation, you 
start out with a nickel-oxygen cell. Now when the nickel 
electrode fails you’ve got an oxygen-hydrogen cell. So that 
at . 36 you must have a nickel-oxygen cell. You've never 
going to have an oxygen-oxygen cell. You're discharging 
-- when the nickel electrode discharges it gasses hydrogen 
when it's completely discharged. When it's completely charged 
it gasses oxygen. 

ROGERS: Yes. 

RITTERMAN: So that you would get -1 .4 after the 
nickel electrode exhausted. So when you’re at -.36 you’ve 
cot to have a nickel-oxygen in the system going. 

HO GERS : That sounds correct. I haven’t really 
thought about it that much, but that sounds right. 

MAURER (Bell Labs): Iwo things: 

On the nickel-oxygen question, if YOU really had a 
nickel-oxygen cell *jou would see a pressure rise due to the 
oxygen increase. Did you see that? 

NOGERS : I don’t recall. 

ZAUkEH: The other thino i_c that you showed that 
in a negative-limited cell you got nc demaqe to the 
components. nut that was negative-limiting because the 
hydrogen pressure had cone away by scme means or another. 
lou could have negative-limitino by other methods and still 
maintain hydrogen pressure in the cell; for example, the 
negative gets flooded or the electroce connection gets 
aisturbed and then you could have a oangerous situation. 

ROGERS: Let’s see, could you have a dangerous 
situation2 

;b\AUREi? : Now you coulo build up oxygen in the cell 
ana in the presence of hydrogen which wasn’t being 
recombined. 
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ROGERS: If you had a negative electrode that 
aidn’t recombine oxygen* yes, you could tend to build up 
oxygen. 

MAURER: If it was flooded, for example, so that it 
couldn’t recombine. 

ROGERS : No, more than if it was flooded. If all 
the negatives were flooded and almost completely, because it 
doesn’t take, I think as you noticed, a lot of negative 
electroae surface to recombine oxygen. And you have free 
diffusion of oxygen through a cell, especially with a zircar 
separator where there’s Just nothing stopping it. So that 
it bould imply you had to have negative electrodes with no 
real amount of surface activity, and that’s a little 
oifficult to irnaoine because you can get to the negative 
from both direct ions. You’d have to flood not just the 
Sacking but also the active side of the electrode, and 
that’s a hard thing to imagine short of somebody pouring a 
box cf Tide in thera. 

DUNLOP (COFASAI 1: Two comments: 

Lack on that business about the trickle charge 
rate, if I took what ycu now said, or -- what 1 think you 
saia is that at C/b0 you were able to maintain the cell in 
the fully charged condition, and at C/120 you were not. 

i-?OGERS: 160. 

DUNLOP: C/160. 

The other thing that has been aiscussed here a 
little bit in a slightly different way: we did have some 
cells on test a long time ago that were running on a 
continuous cycle basis, and I believe that one of the cells 
leaked over a three-aay weekend gradually. He had a 
transducer on there that was recording pressure as well as 
currents and so forth. And we did tend to get into that 
situation where the hydrogen leaked town, so that it became 
negative-limited. So it went down, you consumed the 
h.ycirogen, and you made oxygen, pressure went back up. When 
you generated oxygen the limit went back down and you 
consumed the oxygen first and then you generated hydrogen, 
end it cycled back and forth in that mode for about .-- we 
v)ere running a three-hour cycle, and I think over that 
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weekend we put on 40 or 50 cycles that way. 

ROGERS: it's an interesting test. I don't know 
if I would want to plan one like that. 

DUNLOPS he didn't p&an it either. 
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TEMPEGATURE cvoofWi~~ENT OF CHARGE 
I HUGHES 

25 A-HR LIGHTWEIGHT NICKEL-HYDROGEN CELL 

TEMPERATURE AT CELL FLANGE 

CHARGE TO ROLLOVER AT 0.75 C RATE AT 40% 

TRICKLE CHARGE C/SO FOR 40 MIN 

CHARGE 0.75 C FOR 10 SEC; RECORD VOLTAGE 

REPEAT PROCEDURE AT 30’. 20’. 10’. AND 0% 

Figure 43-1 

STEADY STATE CHARGE VOLTAGE HUGHES ’ 

25 A-HR LIGHTWEIGHT CELL 

CELL VOLTAGE AS A FUNCTION OF CHARGE RATE AT FULL CHARGE 

CHARGE c/lo UNTIL VOLTAGE STABILIZES 

;HUGHES i 

TEMPERATURE 
COEFFICIENT 
OF VOLTAGE 

Figure 43-2 

REPEAT AT C/40. C/SO, AND C/160 
STEAOY STATE CHARGE VOLTAGE 

AT 22’C I 
HUGHES 

CELL FLANGE TEMPERATURE RANGE FROM 22’TO 28oC IAT C/lo) 

ALL VOLTAGES CORRECTED TO 22% (COEFFICIENT - 2.44 mV/% 

“lslT 

Figure 43-3 

14 16 1B 

c 

C/Z0 

+ 1 2 

Figure 43-4 
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STEADY STATE CHARGE VOLTAGE 
AT 22°C UINTI I HUGHES 

Figure 43-5 

LOW TEMPERATURE OXYGEN , . 
RECOMBINATION ; HUGHES i 

STANDARD OXYGEN RECOMBINATION TEST 

25 A-HR LIGHTWEIGHT CELL 

CHARGE C/2 16 MIN PAST VOLTAGE ROLLOVER 

OXYGEN CONCENTRATION 0.19% AT -25’C 

0.10 TO 0.15% AT 2@C 

ABILITY OF 02 ELECTRODE TO RECOMBINE OXYGEN 
UNIMPAIRED AT -25’C 

Figure 43-6 

TOLERANCE OF A NICKEL-HYDROGEN 
CELL TO INERT GAS 

HUGHES 

CELL 

. FLIGHT TYPE WITH VALVE AND GAGE 

l POSITIVES - EAGLE-PICHER - AF PROCESS 

l SEPARATOR - ZIRCAR ZYK-15 

l NEGATIVES - HUGHES ETCHED Ni + Pt/TFE 

l GAS SCREEN -POLYPROPYLENE 

. RECIRCULATING DESIGN WITH ZIRCONIA WALL WICK 

PROCEDURE 

l 16 CONDITIONING CYCLES C/D = l.l:l, 18 A.HR DISCHARGE LEO 

l CAPACITY TEST 

. C/10 CHARGE 

. Cl1 TO 1.0 VOLT 

. C/Z TO 1.0 VOLT 

Figure 43-7 

CAPACITY TEST DATA I HUGHES 

PRECHP 
TEST EOCP C/l EODP c/2 EODP H2 
NO. PSIA A.HR A-HR A.HR PSIA PSIA PStn 1 

CHARGE C/2 - 10 A.HR AND EVACUATE GAS 

4 295 12.2 165 1.35 115 0 65 

Figure 43-8 

523 



SUMMARY AND CONCLUSIONS I :..-..-...‘....‘..-’ ; HUGHES i 
L..................J 

ONLY LARGE AMOUNT OF N2 AFFECTS PERFORMANCE 

46% N2 REQUIRED AT “C” RATE 

NO OBSERVABLE EFFECT AT 23% N2, EQUIVALENT TO 
AIR PRECHARGE AT 1 ATM 

Figure 43-g 

CELL REVERSAL UNDER ,........... __._.l 
NEGATIVE-LIMITED CONDITIONS 

; HUGHES j 
. 2 

DETERMINE EFFECTS OF OXYGEN GENERATION AT HYDROGEN 
ELECTRODE ON STACK COMPONENTS 

BOILERPLATE CELL, 6 POSITIVES 

CAPACITY, “C” RATE CHARGE, 1.4 C DISCHARGE, 12 CYCLES, 
l.lO:l RATIO, FINAL DISCHARGE TO 1.0 VOLTS, 7.00 A-HR 

INITIAL TEST UNDER POSITIVE-LIMITED CONDITIONS 

CHARGE “C” RATE TO ROLLOVER 

DISCHARGE 0.73 C FOR 30 MINUTES PAST REVERSAL, 
EODV = 0.19 VOLTS 

Figure 43-10 

NEGATIVE-LIMITED REVERSAL j HUGHES i 
. . . . . . . . . . . . . . . . . . . . 

CHARGE “C” RATE TO ROLLOVER 

BLEED OFF 30% OF HYDROGEN 

DISCHARGE 0.73 C FOR 5 MINUTES PAST REVERSAL. 
EODV = -0.36 VOLTS 

CYCLING CAPACITY TEST, 7.27 A-HR 

REPEAT, 66% OF HYDROGEN REMOVED 

EODV = -0.33 VOLTS, CAPACITY 7.33 A-HR 

DISASSEMBLY - NO OBSERVABLE DAMAGE TO COMPONENTS 

Figure 43-11 
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NICKEL-HYDROGEN FLIGHT hELA\I 

AND CELL SHORTING TEST 

S. Stadnick 

Hughes Aircraft 

(Figure 44-l) 

basically what I’m going tc talk about is the 
relay that we used on a standard flight configuration of 
Hughes’ nickel-hydrogen cells. This relay is used in the 
event of an open circuit cell. 

Now we’ve hypothesized but never seen that you can 
have a nickel-hydrogen cell which, in the flight 
configuration of a spacecraft, will develop a leak in the 
case. The cell would evaporate its electrolyte. The 
hydrogen would disappear and the cell would become 
open-circuited. At that pcint we would close the relay, and 
short-circuit around the cell. 

iie designed very carefully our electronic 
activation system, and tested our relays so that under no 
possible circumstances could the relay close on a 
fully-charged cell. 

The immediate question that everyone asks is, 
Iii;iell, what if it did, even though WF have designed it so 
that it cannot possibly happen:” 

We ran the test,, and basically took a fully 
charged nickel-hydrogen cell, put in our flight 
conf iouration wiring, our flight configuration relay, and 
then closed the relay. We measurea cell voltage, current, 
pressure, and recorded all of the data. 

We also had four thermocouples on the terminal 
where we have a screw type attachment threaded onto 
silver-plated copper lugs. Vie put a thermocouple on the 
come of the cell, another thermocouple on the thermal 
flange. 

(Figure 44-2) 
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Just discussing the test conditions, we basically 
use three sets of contacts on the relay and wire them in 
parallel. Each set of contacts is rated at 25 amps. And we 
used wiring which approximated our flight wiring. We 
measured the current with a DC amp meter. 

Immediately prior to the test we measured the 
capacity of the cell since we also wanted to find out what 
happened to the cell, not only to the wiring and the relays. 
We did a standard capacity test for the nickel-hydrogen 
cell. 

immediately prior to the short test we charged the 
cell with a 25 amp-hour charge to full charge, and turned on 
the relay. 

(Figure 44-3) 

I’m not going to tell you what happenea yet 
because we have one more Vu-graph which shows us our relay 
contact resistance as we measured it prior to the test, 
including the wire resistance. This is typical intercell 
wiring through the relay, and our total current path 
resistance is as it exists on the spacecraft. 

(Figure 44-4) 

Now here are the results. 

Basically it’s a little hard to see on here, but 
the important point, and the first one that everyone asks is 
what happens to the pressure in the nickel--hydrogen cell 
when you are discharging it at an 8 C. rate, which is what 
happened? The pressure decreased linearly as we would have 
expected. There was no maintenance or increase in pressure 
whatsoever. The cell terminal voltace remained 
approximately constant at a little more than one volt, which 
was fairly phenomenal for an 8 C. discharge. 

Our current maintained itself at approximately a 7 
to .b C rate until we had exhausted some 80 percent of the 
total capacity within the cell. And then the voltage 
cropped down to complete the discharge. We discharged the 
cell all the way to zero volts. 

526 



(Figure 44-5) 

In terms of the temperatures that were reached in 
the various components, the relay case temperature as you 
can see .went up to 160 or so degrees Centigrade. The cell 
delivered approximately three times as much current through 
it as it was rated for. 

(Figure 44-6) 

We did a capacity test on the nickel-hydrogen cell 
and it had the sam.e capacity after the test as before the 
test, and apparently suffered no iJ1 effects whatsoever from 
its high rate discharge. 

DISCUSSION 

KUNIGAHALLI (Bowie State Ccllege): In the 
discharge curve I see a plateau. Could you please put on 
that Vu-graph? 

(Figure 44-4) 

On the right-hand side you see the voltaae, and 
the discharge curve is not-- There’s a knee and a plateau. 
Can you account for that? 

STADN ICK : Usually we account for that by calling 
it trapped or chemi-absorbed oxygen. The sharpness of this 
knee in here is artistic license from our graphics 
department. The real curve didn’t look sharp like that. 

KUNIGAHALLI: You mean to say the oxygen absorbed 
on the positive electrode? 

STADNICKX It absorbed on the positive electrode. 
At a cel.1 voltage below I volt, somewhere around .8, .7 
volts it will be recombined and will be usable but 
inefficient capacity. And you’ll see that on any 
nickel-hydrogen cell discharged through the approximate .8 
volt range. 

KUNIGAHALLI: Thank you. 

STEINHAUER (Hughes 1: I assume that wasn’t a GE0 5 

527 



relay. Are you really proposing the use of relays for 
flight as opposed to diodes, and could you comment’:’ 

STADNICK: We are using relays for flight as 
opposed to diodes. The diode has a temperature delta which 
typically has been high. Just due to its resistive loss it 
generates too much heat in one particular area of our 
spacecraft. In the event that we would have to run current 
through it, we chose to use a relay instead of a diode. 

MAURER (Bell Labs) : Would you expect temperatures 
to be any different if you had done this in a vacuum? 

STADNICKI Not very greatly different. There 
might be some minor differences but the thermal sinking that 
we aid, we tried to make it as close as could be to normal 
spacecraft conditions, and the convection and conduction to 
the air I feel is fairly small during the five-minute 
discharge. I don’t think it would be .much different. 

DYEH (Sell Labs): Clearly the secondary plateau 
there is because your current is not constant during this 
discharge. You show indeed a plateau in the current as 
well. Isn’t that simply reflecting the discharge rate, the 
plateau on the cell terminal voltage? 

STAi3N I CK : I think it’s the other way around. The 
current is reflecting the drop in the voltage of the cell. 
This is through a constant approximate resistance. 

KO GERS ( Hughes 18 Perhaps maybe I can explain that 
a little more. 

This is not, as is typical with most of the test 
work in nickel-hydrogen or nickel-cadmium for that matter, a 
constant current discharge. tie’re discharging into a 
gradually increasing resistance because of temperature 
effects increasing the temperature coefficient of copper. 

So it’s a little difficult to kind of define. If 
you start to try to analyze the curve it’s a little 
aifficult because the conditions are not as we normally see 
them. 

bETZ (Naval Research Lab): A couple of ouestions. 
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If a .relay were to go like that in orbit would you 
be able to unlatch it the other way? 

STADN I CK 1 The relay would not do this in orbit, 
shorting across a fully charged cell. 

BETZ: Thank you. 

STADNICKS The relays are commandable either in 
the open or closed conditions at our request. 

BETZ: The other question is have you conslder.ed 
the possibility of fusing, r.ath.er than taking that kind of 
risk, just fusina the relay? Wouldn’t you rather lose the 
protection circuitry due to an inadvertent relay latch that 
could conceivably happen, like an act of God maybe? 

STADN ICK: We did a tradeoff, debating whether 
that was likely or not, and of course if you had a fused 
cell and that cell did indeed become inoperative, you now 
have an open circuit. 

BETZ: If you fuse the relay? 

STADNICK: If you fuse the relay and your cell 
became an open circuit, you would have an inoperative 
circuit. 

bET2: Okay. 

Could you mention what kind of relay that was’i Do 
you remember what that was by any chance? 

I’ll ask you later. 
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r._____..__._______~ 

RELAY SHORTING TEST SCHEMATIC ; HUGHES ; 
L_.---....--......., 

1 Aci!+:doN p j @ THERMOCOUPLE LOCATION 

Figure 44-l 

TEST CONDITIONS 

LIGHTWEIGHT 25 A-HR NICKEL-HYDROGEN CELL 

MAGNETIC LATCH TYPE RELAY 
l 3 CONTACTS, 25 AMP AT 28 VDC EACH, CONTINUOUS 

WIRING - NO. 16 TFE, 7 INCH PER LENGTH 

CLIP ON DC AMMETER 
. MODEL CGlOOA, F.W. BELL CO. 

CALIBRATION WITH SHUNT - NOT USED FOR TEST 
CAPACITY TEST 

. 2.5 AMP CHARGE - 16 HOURS 

. 12.5 AMP DISCHARGE TO 1.0 VOLTS 

. AT ROOM TEMPERATURE 

SHORT TEST 
. 25 AMP CHARGE TO ROLLOVER 

. TURN ON RELAY 

Figure 44-2 
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I 
r_________..___....~ 

ELECTRICAL TEST RESULTS i HUGHES i 
L_--._._......_.-.-d 

RELAY CONTACT RESISTANCE 2.9 x 1O-3 OHMS EACH 

WIRE RESISTANCE - EACH LENGTH 2.5 x 1O-3 OHMS 

TOTAL CURRENT PATH RESISTANCE 2.6 x 1O-3 OHMS 
AT ROOM TEMPERATURE 

Figure 44-3 

RELAY SHORTING TEST ELECTRICAL 
r.._.._..........._~ 

AND PRESSURE DATA 
; HUGHES i 
L . . __......., ~~~ 

- -CELL PRESSURE 

-----CELL TERMINAL VOLTAGE 

-DISCHARGE CURRENT 

DISCHARGE TIME hlINUTES1 

-200 

- 150 

B 
I 
5 

5 

-100 k+ 

z 

- 50 

Figure 44-4 
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RELAY SHORTING TEST TEMPERATURE 
I 

~__________________~ 

DATA 
; HUGHES ; 
L_.---__.-__--.._.-A 

I RELAY CASE TEMP 

01 n 1 I 11 11 1 I I I I I I I 11 II I 01 I 
0 0.5 1.0 2.0 3.0 4.0 5.0 5.0 7.0 8.0 9.0 10.0 11.0 1. 

TIME (MINUTES) 

Figure 44-5 

TEST RESULTS 
r..__........ 

I 
. . . ..~ 

j HUGHES i 
L....... . . .A 

SOLDER ON RELAY TERMINALS FUSED 

TFE INSULATION ON POSITIVE LEADS DECOMPOSED AFTER 
30 SECONDS 

RELAY STILL FUNCTIONAL AFTER TEST 

NO EVIDENCE OF ANY CELL DAMAGE 

NO LOSS IN CAPACITY 

Figure 44-6 
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NiH2 CELL TEST UPDP.TE 

V . MUELLER 

McDonne 11 Doug1 as 

As the title implies, this is an update of some 
material I presented last year, where we talked about our 
testing through approximately 3000 cycles. We’re now at 
about 9500 cycles on one cell, 7500 on the second c.e.31; the 
third cell has failed. 

These are the three cells that we have. They are 
three that were in a group provided to us by Don Warnock of 
the Air Force and were contained in the test. We intend to 
continue until we either run out of money or the cells fail, 
whichever occurs first. 

(Figure 45-l) 

Our testing is done in simulated low earth orbit, 
9O-minute cycles, 35 minutes of discharge, 55 minutes of 
charge. And ours is a conventional monotonous discharge 
characteristic, not with a programmec system. 

The cells are mounted on a fixture which, in turn, 
is cooled by a temperature controlled coolant pad, which 
removes the heat from the cells. 

As I said, one cell failed’. 

We had two cells with Zircer separators, one with 
asbestoes. One of the cells with the Zircar separator 
failed after 2500 cycles, roughly. A.nd we have done a 
failure analysis on that cell. 

We had a second problem where we. developed a leak 
in our external plu;,ibing. 
fittings and valves, 

These cells were provided with AN 
and we had those connected into 

pressure transducers. We developed E leak in the external 
manifolding, and lost pressure on a second cell. We have 
since repressurized that, and we have returned it to 
cycling. 

(Figure 45-2) 
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This is simply a plan diagram showing the three 
cells in the test fixture. The baseplate is i-inch 
aluminum, and we circulate coolant around that baseplate. 
The standoffs are 60 mills thick aluminum alloy. And the 
numbers refer to thermocouples. We have thermocouples 
mounted on the three cells, coolant inlet at the top end and 
outlet at the bottom. 

I might mention, also, those cells are wrapped 
with fib.erglass insulation, so we have no convective 
cooling. 

(Figure 45-3) 

One of our interests was to see if we could charge 
these cells in the same manner that we now use in the Modular 
Power Subsystem for a nickel-cadmium cell. And so we have 
reconstructed here Levels 5 through k of the standard power 
regulator unit in the MPS. Because you need slightly 
higher charge voltages for a nickel-hydrogen cell, we have 
constructed three more levels: they’re simply our own 
invention, and they’re just offset from the three lower 
levels at 20 millivolt separation between levels. 

These VT levels are set manually by the test 
engineer; in other words, he reads the temperature and sets 
the voltage accordingly. 

(Figure 45-4) 

Now this is a typical performance cycle on our 
Cell No. I. This has been cycled practically since the 
beginning, at 50 percent DOD. We did do 500 cycles at 25 
percent DOD. And this is a typical cycle after we have done 
the repressurization. We did have a pressure buildup prior 
to the pressure loss, and after we repressurized we returned 
to the initial pressure, roughly. As you can see, at 50 
percent DOD we charge at roughly 50 empere constant current 
until we hit the voltage limit, and then we go into a taper 
charge. 

(Figure 45-5) 

This is the same type of information for Cell 
Fo. 2. This is the one with a Zircar separator. And on 
this one we have seen a pressure creep-up. We’re now over 
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1000 psi. I believe we started around 750 or 800. We.*r e 
currently operating at 50 percent depth of discharge: that’s 
what this cycle is. And the initial charge here is 60 
amperes to voltage limit, and then teper off. 

(Figure 45-6) 

I’ve plotted the end-of-discharge voltage versus 
the cyclic history for Cell No. 1, and we’re currently at 
7500 cycles, and my last data point is at about 7000 
cycles. I d.idn’t present any data below 2000 cycles. You 
can refer to our presentation last year. 

All of these cycles are done at a nominal 
temperature of 23 degrees Centigrade. 

We started with Level 8, 50 percent depth of 
aischarge. That seemed to be a little too low, due to 
voltage problems, and we went to Level 9, then, to 3000 
cycles. Our return factor, the ratic of ampere-hours in to 
empere-hours out, was rather high, and we wanted to back 
that off somewhat. So we lowered it to Level 8-l/2, an 
artificial a-1/2. And at e later time we found, aT!ain, that 
our return factors levels had droppec to 1.04, so we went 
back to Level 9, and we’re continuing at that level. 

(Figure 45-7) 

This is a plot of the ampere-hour return factor 
corresponding to the previous plot. And, Es you can see, 
we’re now operating at around 1.04. 

(Figure 45-8) 

The same information for Cell No. 3. Cell No. 3 
we operated initially at 80 percent oepth of discharge 
based on 50 ampere-hours. And we hat two cells in series, 
to begin with. One of the cells has failed. And we had a 
problem with the second cell reaching one volt cutoff 
voltage during cycling. We had to bEck off on the depth of 
aischarge. We had backed off to 70 percent depth of 
discharge right around 2000 cycles, and we had to back off 
further to 60 in order to keep Cell 2 from dropping out at 
the low voltage. 

After the one cell faileu, we didn’t chang.e the 
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aepth of discharge, but we did later: at slightly over 3000 
cycles we went back to 70 percent depth of discharge. We 
cant inued that way for a while, and we got into a problem 
again with voltage level, end-of-discharge voltage, and we 
went to 60 percent. And we’re now at 50 percent depth of 
discharge. 

Our cycling system has an automatic cutoff: if you 
get below one volt during discharge, it will turn itself 
off. 

(Figure 45-9) 

Here is the ampere-hour return factor as a 
function of cycles. he’re now running around 1.06. We were 
trying to get around I .08 to 1.12, which seemed to be about 
the best level. 

(Figure 45-10) 

Here I’ve just plotted the capecity for all three 
cells since we’ve started. Cell i\Jo. 2, the cell that 
failed, is represented by the little squeres, and at Cycle 
2470 it failed. This was the last capacity check before 
failure. 

The cell performed normally during our capacity 
discharge, but when we tried to recherge after we had 
completed that cycle it would not accept a charge, and it 
\qas shorted, exhibited a shorting chzracteristic. 

Cell b!o. 1, which is the one with the asbestoes 
seperator, held the capacity rather v,ell at the beginning. 
ihen we had a rather severe dropoff: I don’t really know 
shy : and at Cycle 6200 is where we hcd the loss of 
pressure. And we did two intermediate capacity discharges 
between Cycles 6000 and 7000, and I oidn’t plot them because 
they did appear to be anomalous, but 1’11 talk about those 
later when we talk about the loss of pressure. 

Cell No. 3, which is the Zircar separator, seems 
to fairly monotonously decrease. ‘/\e have a capacity now of 
roughly 3ci ampere-hours. 

(Figure 45-11) 
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I/m talking here about the failure analysis we did 
on Cell S/N 133, or Cell No. 2. As 3 said, it failed after 
2473 cycles, we were doing capacity discharge, everything 
seemed fine until we tried to recharge, and it was shorted 
at that time. 

This has a single-layer Zircar separator. When we 
took it apart, it looked very wells there was no obvious 
evidence of mechanical short by looking externally at the 
stack, and we did some voltage measurements. The short 
cisappeared as soon as we loosened the nut which compresses 
the stack. So it was not a very hart short at all. 

Uhen we tcok the stack apart, we did find two 
areas that seemed to be shorted. We found a little mound of 
positive material, and we think that caused the short. 

:je understand that Hughes has done some tests 
where they have looked at positive material, and it appears 
to be non-conductive for at least 1500 cycles. So we’re 
postulatinq that possibly this anomaly formed early and in 
the process of cycling was reduced to nickel. 

A third area showed some damage, but it aidn*t 
appear to se shorted. And we saw evidence of the rapid 
recombination of oxygen. He found pits and burn holes in 
the gas screens and negatives. 

(Figure 45-12) 

lhis is just a diagram shobing one of the areas, 
c.no 1 guess this is the most severely damaged area. There 
was a hole burned completely through the gas screen, the 
negative and the separator. The mound shown on the 
positive plate appeared to extend from the positive to the 
negative. And there was a small amount of positive material 
reposited on the Positive No. 13. And, es I said, a hole 
completely through the gas screen, the negative and the 
sepsrEtor. 

(Figure 45-13) 

This is another area where there was a mound on 
the positive, and there did appear to be shorting, a 
complete bridge bet;Jeen the Positive No. 19 to the Negative 
No. 20, with a hole burned in the gas screen. 
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(Figure 45-14) 

This is a third area that showed some evidence of 
damage. However, there didn-‘t appea.r to be a complete 
bridge here: evidently some heat. There’s a hole in the 
separator and in one of the positives. 

(Figure 45-15) 

As I mentioned earlier, we lost pressure in one of 
the cells due to a leak in the external plumbing. It 
developed rather quickly: 1 don’t really understand why. We 
looked at the pressure-versus-time plot for this particular 
cycle, and we completely lost pressure in a space of about 
thirty minutes. And on the next cycle it caused an 
undervoltage shutdown when we discharged. 

We left the cell in the test set-up with the 
internal pressure near zero for about ten weeks. Initially 
it was open circuited, and th.en we shorted it for another 
three weeks. And I guess after this short we tried an 
initial attempt at repressurization by pressurizing to 50 
psi. The pressure dropped very rapicly. When we put in 50 
psi it almost immediately fell to zero. And the cell 
appeared hot to the touch. We didn’t really know what was 
%appening. We looked arounc for a hydrogen leak, but we 
aidn’t fina any. We did some additional leakage tests to 
confirm that we did have gas integrity in the cell and in the 
external plumbing. Over a period of a number of weeks; 
in fact we went from early. July to about the end of August; 
periouically putting in 50 psi of hycrogen, anu watching it 
bleed off, until finally we reached roughly a steady 
condition. 

At that time we recharged the cell by charging at 
5 amps for 24 hours. Immediately after that recharge we did 
a capacity check at C/2 to 1 volt per cell, and we measured 
57-l 12 ampere-hours; which was consioerably more than we had 
ever seen. And we can’t account for that. 

We then thought we would work a little easier for 
at least the first portion of cycling, so we went to 20 
percent depth, and we did 93 cycles at 20 percent depth, 
after which we measured the capacity again. At that time we 
measured 31j ampere-hours. At that time we went to our 
normal 50 percent depth of discharge cycling in low earth 
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orbit, and after we had completed an additional 681 cycles, 
or at 7000 cycles, *de measured 29 ampere-hours. 

As I mentioned, we intend to keep on cycling these 
cells, and we’re now at about 9500 cycles on one of the 
cells and 7500 cycles on the second. 

Thank you very much. 

DISCUSSION 

RO.GERS (Hughes Aircraft): I’.11 answer the most 
obvious point that you just made about that cell that had 
hydrogen bugs in it that ate it, apparently. If all you had 
was a shorted cell with a fully-charged, or somewhere near 
fully-charged positive, without any hydrogen in it there was 
no way to discharge. As soon as you put the hydrogen in 
it’s like a shorted cell. You know, with hydrogen it is 
almost like that experiment that Steve talked about. 

And so of course it got hot, and by adding it 
incrementally it prevented overheating and got the positive 
electrode discharge. 

MU ELLER : I don’t quite uncerstand, Dr. Rogers. 
The cell was shorted, you say? 

ROGERS 8 I’m only judging from what I saw. 
Apparently you had a shorted cell, at least at that time. By 
putting hydrogen into a cell which had no hydrogen in it but 
had a positive electrode which was charged, you immediately 
oischarge it through that short. 

MUELLER: I see. 

ROGERS: So that would continue until you had the 
positives completely discharged. 

In other words, you had to add the normal amount 
of hydrogen back in, in effect. That’s what it aopears from 
what data I see there. 

MUELLER: It seems to be cycling normally now. 

PICKETT (Hughes Aircraft 1: Did you do an analysis 
of the material between the plates which apparently caused 
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the short? 

MUELLER: No, we did not. 

STOCKEL (COMSAT): Did you analyze the electrolyte 
in the cell? 

MUELLER: No. It was strictly a mechanical 
dissection and visual examination. 
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MI H2 CELL CYCLIC TEST PROGRAM 

o THREE CELLS AUTOMATICALLY CYCLED IN SIMULATED LOW EARTH ORBIT 

(35 MINUTE DISCHARGE, 55 MINUTE CHARGE) 

o CHARGlNG IN VOLTAGE-LIMITED, TEIIPERATURE-COMPENSATED MODE 

o TEMPERATURE CONTROLLED COOLANT BATH REMOVES HEAT FROM CELL MOUNTING 

FIXTURE 

o ONE CELL WITH ZIRCAR SEPARATOR FAILED (SHORTED) AFTER 2473 CYCLES 

o FAILURE ANALYSIS PERFORMED ON SHORTED CELL 

o LEAK IN EXTERNAL PLUMBING CAUSED SHUT DOWN OF SECOND CELL AT CYCLE 6229 

o CELL REPRESSURIZED AND RETURNED TO CYCLING 

o TWO CELLS (ONE WITH ZIRCAR AND ONE WITH ASBESTOS SEPARATOR) CONTINUE 

TO CYCLE 

Figure 45-l 

THERMOCOUPLE LOCATIONS 
VOLTAGE/TEMPERATURE LEVELS FOR CHARGE CONTROL 
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TYPICAL PERFOWME DATA - CELL 1 TYPICAL PERFOWCE DATA - CELL 3 

Figure 45-5 

END OF DISCHARGE VOLTAGE VS CYCLES - CELL 1 
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Figure 45-6 
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MPERE-HOUR RETURN FACTOR VS CYCLES-CELL 1 

Figure 45-7 

WERE-HOUR RETURN FACTOR VS CYCLES-CELL 3 

1, ; Ii I ; , ; , ; , ; I ; I , 

Figure 45-9 

END OF DISCHARGE VOLTAGE VS CYCLES - CELL 3 

Figure 45-8 

CELL CAPACITY VS CYCLES 

Figure 45-10 
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FAILURE ANALYSIS OF NICKEL-HYDRCGEN CELL S/N 133 

o CELL FAILED AFTER 2473. 904INUTE CHARGE/DISCHARGE CYCLES 

o PRIOR TO FAILURE, CELL EXHIBITED LOW END-OF-DISCHARGE VOLTAGE AND 

SIGNIFICANT CAPACITY LOSS 

o DEVELOPED INTERNAL SHORT FOLLOWING OTHERHISE NORMAL CAPACITY CHECK 

o SINGLE-LAYER ZIRCAR SEPARATOR 

o NO OBVIOUS EVIDENCE OF MECHANICAL SHORTS FROM EXAMINATION OF STACK 

ASSEMBLY 

o SHORT DISAPPEARED WHEN STACK CUNPRESSION HAS RELIEVED 

o DISASSEMBLY OF STACK REVEALED TN0 AREAS WHICH MRY HAVE SHORTED IF 

NOUND OF POSITIVE NATERIAL FOUND IS CONDUCTIVE 

o A THIRD AREA SHOW SONE DAMAGE, BUT DID NOT APPEAR TO BE SHORTED 

o GAS SCREENS AND NEGATIVES SHOW TINY BURN HOLES FROM RAPID OXYGEN 

RECCMBINATION 

o TINY PITS SEEN ON BOTH SIDES OF SOME POSITIVES 

Figure 45-11 

SIGNIFICANT ANOMALY - CELL 2 FAILURE ANALYSIS 
SIGNIFICANT ANOMALY - CELL 2 FAILURE ANALYSIS 

SET 19-20 

P13 N14 P14 

NOTES: 1.. STACK ELEMENTS NUMBERED CONSECUTIVELY BEGINNING AT WELD RING END, 
2. P-POSITIVE ELECTRODE. G-GAS SCREEN. N-NEGATIVE ELECTRODE, 

S-SEPARATOR, 
3. P13 DENOTES POSITIVE ELECTRODE NO, 13. 

PI9 c20 N20 

Figure 45-13 

Figure 45-12 
SIGNIFICANT ANOMALY - CELL 2 FAILURE ANALYSIS 

NOTE: POSITIVE MATERIAL DID NOT APPEAR TO EXTEND TO NEGATIVE 
ELECTRODE, 

Figure 45-14 
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CELL PRESSURE LOSS AND RETURN TO CYCLING 

o LEAK OCCURRED IN EXTERNAL PLUMBING DURING CYCLE 6229 WHICH SUBSEQUENTLY 
CAUSED UNDERVOLTAGE SHUTDOWN 

o CELL LEFT IN TEST SETUP WITH IRTERNAL PRESSURE NEAR ZERO FOR APPROXIMATELY 
10 WEEKS; OPEN CIRCUITED INITIALLY, SHORTED FINAL 3 WEEKS 

o DURING INITIAL ATTEMPT AT REPRESSURIZATION, PRESSURE DROPPED RAPIDLY 
AND CELL WAS HOT TO TOUCH 

o ADDITIONAL LEAKAGE TESTS PERFORMED TO CONFIRM CELL AND EXTERNAL PLUMBING 
INTEGRITY 

o SUBSEQUENTLY INTRODUCED HYDROGEN INCREMENTALLY UNTIL STABLE PRESSURE 
RESULTED 

o REMOVED SHORT AND RECHARGED AT 5 AMPERES FOR 24 HOURS 

o CAPACITY CHECK RESULTED IN ABNORMALLY HIGH CAPACITY OF 57,5 AMPERE-HOURS 

o PERFORMED 93, go-MINUTE CYCLES AT 20% DEPTH OF DISCHARGE 

o CAPACITY THEN MEASURED 38,7 AMPERE-HOURS 

o RETURNED TO CYCLING AT '50% DEPTH OF DISCHARGE 

o AFTER 681 ADDED CYCLES (7003 TOTAL), CAPACITY MEASURED 2808 AMPERE-HOURS 

Figure 45-15 
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NICKEL SYSTEM MANUFACTURING UPDATE 

L. Mi.1le.r 

Eagle Picher 

I called Gerry Halpert several weeks ago and I 
said, ,llGerry, I want to speak at the upcoming B W.orkshop.J1 

And he said, “Okay, but under two conditions. 
Firstt,M’ he said ‘I.1 want you to tell us something, not try 
to sell us something. And second, I want you to be very 
brief :I’ 

Well, we’re going to have e brief presentation. 

(Laughter. 1 

To b.e consistent with a number of other papers 
that have been presznt.ed her.e this afternoon, the title of 
my paper also has little to .do w.ith what I’m going to talk 
about. 

(Laughter. 1 

I’d like to show you some trend data as it relates 
to electrochem-impregnated positive electrodes used in 
various battery systems. What I’d like to get back from 
this is for someone else to say, “Y.es, we see this,” or ‘#No, 
we have not seen this.” 

To give you a little background, we’ve been using 
the electrochem positive electrode in nickel-hydrogen 
probably for six or seven years with very good results, 
primarily because of the dimensional stability and the high 
electrical utilization of the active material. 

It. would se.em reasonable that you coula take the 
same electrode, put them in nickel-cad and achieve the same 
advantages. Let me show what we’ve seen wh.en we’ve done 
this. 

(Figure 46-l) 

Again this is just basic trend data. We haven’t 
been into the nickel-cad portion of it lcng enough to really 
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be definitive. B.ut what we see is that in the 
nickel-hydrogen you get very good utilization in the final 
sealed state versus nickel-cadmium. 

I probably need to clarify this point. Wh.en we 
design a LEO cell, we put more electrolyte .int.o it than a 
GE0 c.ell design. The utilization of the electrode is going 
down as you go into these lower electrolyte systems. 

I could have drawn another curve on there. If you 
run flooded electric capacity tests for al.1 three of these 
cells, you would have a curve that would start right here 
(nickel-hydrogen data point) and come flat across like this. 

So apparently what we’re looking at is an 
electrolyte sensitivity associated with this electrode. 

The X axis is not rea.Jly correct. It’s correct 
with respect to the GE0 and the LEO ni-cad cell but then when 
you get up to the nickel-hydrogen (in terms of absolute 
volume of electrolyte in the cell), it’s not correct. It 
actually reverses direction. 

But what I think it’s saying is we should really 
be interested in the true distribution of electrolyte in the 
cell. 

There. definitely seems to be a co.rr.elation betw.een 
electrolyte, e.lectrical utilization end the system. 

you. 
Lik.e I said, I’m trying to be very brief, so thank 
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ELECTROCHEMICAL DEPOSITION 
POSITIVE ELECTRODE 
PERFORMANCE TREND 

NI-H2 NI-H2 

NI-CD (GE01 

NI-CD (LEO) 

CELL ELECTROLYTE VOLUME CELL ELECTROLYTE VOLUME 
EAlm.E@PKntR 
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